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Glossary of frequently used symbols 
A the constant in Hardin equation 
B the fitting constant 
Cu the cofficient of uniformity 
c the fitting constant in the void ratio function 
d the fitting constant in the void ratio function 
D50 the mean particle size  
emax the maximum void ratio 
emin the minimum void ratio 
F the fitting constant 
G0 the small strain shear modulus  
f(e) the void ratio function 
fthere the threshold fine content 
GHH the small strain shear modulus measured determined by the shear waves 
propagating in a horizontal plane and polarizing in a horizontal plane 
GHV the small strain shear modulus measured determined by the shear waves 
propagating in a horizontal plane and polarizing in the vertical plane 
Glossary of symbols 
X 
GVH the small strain shear modulus measured determined by the shear waves 
propagating in a vertical plane and polarizing in the horizontal plane 
Gs the specific gravity 
GS1 the small strain shear modulus of S1 sands 
Gfines the small strain shear modulus of pure fines 
Gsand fine the small strain shear modulus of sand fine mixtures 
K the ratio between the horizontal effective stress and the vertical effective stress  
K0 the coefficient of later earth pressure at rest   
m the fitting constant 
n the fitting constant 
nh the fitting constant for the effective horizontal stress 
nv the fitting constant for the effective vertical stress 
N the number of loading cycle 
Nf the liquefaction cycle 
ru the pore water pressure ratio 
Vs the shear wave velocity 
L the travel distance of a shear wave  
Glossary of symbols 
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t the travel time of a shear wave 
σ′ the effective mean stress  
ρ the bulk density 
Un the undercompaction ratio 
σh
′  the effective horizontal stress  
σv
′  the effective vertical stress  
CSR the cyclic stress ratio 
CC cross correlation 
SS start to start 
PP peak to peak 
LVDT the linear variable differential transducer 
SEM scanning electron microscope 
SPM sample preparation method 
RC resonant column  
FC fine content 
OCR overconsolidation ratio 







Natural sandy soils always show highly different properties such as composition, gradation, 
particle characteristic and internal fabric, causing significant differences in mechanical 
behavior within small to large strain range. Calcareous sand is a special construction material 
which is commonly used in the reclamation projects in marine areas. Due to its marine origin, 
the grain characteristic of calcareous sand is different from that of silica sand, behaving in the 
extremely irregular grain shape with a high particle angularity. It has been proved that natural 
sediments exhibit fabric anisotropy, especially for sandy soils. During the deposition process of 
a granular material with non-rounded grain shape under gravity, the long axis of the grain tends 
to be parallel to the horizontal direction, leading to the formation of a highly anisotropic soil 
fabric. In this thesis, a calcareous sand from Persian Gulf was tested in a series of static and 
dynamic triaxial tests. The effects of initial fabric, particle characteristic, gradation and fine 
content on the mechanical properties of the calcareous sands are investigated. 
The small strain stiffness (G0) is an important elastic soil parameter indicating the deformation 
or the seismic response of the ground. The anisotropic small strain stiffness of granular 
materials has been studied extensively in the last decades. Most of the studies were only 
conducted on the measurement of the anisotropic stiffness and the factors affecting this 
mechanical behavior were not well investigated. In this thesis, the initial fabric, particle size, 




Firstly, in order to make laboratory samples having various initial fabric, a literature review on 
the sample preparation method is given and five methods as air and water pluviation, dry and 
moist tamping and dry funnel deposition are selected for this study. The new pluviators were 
specially designed for the air and water pluviation methods respectively. In order to figure out 
the difference in fabric induced by the sample preparation method, X-ray tomography tests were 
performed on the samples prepared following the five methods and the differences in the 
homogeneity and fabric anisotropy were analyzed from the microscopic view. The scan results 
show that the air pluviation samples exhibit the highest fabric anisotropy. The fabric anisotropy 
of the five samples can be ordered as: air pluviation > water pluviation > dry tamping > moist 
tamping > dry funnel deposition. For the uniformity, it is concluded that the zones close to the 
sample boundary show lower densities for all the preparation methods. The air pluviation and 
dry tamping samples are respectively the least and the most affected by the boundary. Along 
the height, the sample prepared by the air pluviation method shows the highest homogeneity. 
The density decreases and increases from the top to the bottom for the water pluviation and dry 
funnel deposition samples respectively. The density in the samples prepared in layers shows 
variation along the sample height and the fluctuation is the most significant in the dry tamping 
sample. 
To investigate the effect of particle characteristic and gradation, several sands with the artificial 
gradation were prepared with the materials sieved from the original calcareous sands. Similarly, 
the sand-fine mixtures with the various amounts of fine contents were prepared by mixing the 
original calcareous sands with the sieved calcareous fines. The small strain shear modulus on 
both the vertical and horizontal planes were evaluated by the multidirectional bender element 
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tests. Then the stiffness anisotropy was obtained. It was found that the initial fabric, particle 
size and fine content have significant impact on the anisotropic stiffness of the calcareous sands. 
Calcareous samples prepared by the air pluviation method possesses the highest anisotropic 
ratios. The lowest stiffness anisotropy exists in the samples prepared by moist tamping and dry 
funnel deposition methods. The difference induced by the initial fabric can be explained by the 
X-ray tomography results. The less prominent stiffness anisotropy is found in calcareous sands 
with smaller particle sizes and the effect of the coefficient of uniformity (Cu) on the stiffness 
anisotropy is negligible. The equation proposed by Hardin and Black (1966) for predicting the 
small strain stiffness of soils was updated for the calcareous sands in this study. The sample 
preparation method has a slight impact on the constants in the Hardin equation, concluding that 
the sample having a stronger fabric has larger A and m but lower n. The modified Hardin 
equation is applicable for the anisotropic consolidation tests. The fine content has significant 
influence on the small strain stiffness of the calcareous sands, showing that the shear modulus 
decreases with the increase of the fine content before the threshold. The stiffness anisotropy 
decreases with the increase of the fine content and drops faster after the threshold fine content. 
Finally, the constants in the Hardin equation are updated by taking the fine content into account. 
In this thesis, the models for predicting G0 are updated by taking into account the over-
consolidation ratio (OCR) and the fine content (FC). For sand-fine mixtures, three models are 
introduced and modified and their prediction ability is compared. 
To further study the initial fabric on the mechanical property of the calcareous sands, the K0 
consolidation tests and the undrained monotonic and cyclic loading tests were performed on the 
samples prepared by different methods. The influences of the initial fabric on the coefficient of 
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earth pressure at rest (K0) and the undrained strength under monotonic and cyclic loadings were 
evaluated. It is shown that the values of K0 and the liquefaction resistance of the calcareous 
sands are highly affected by the sample preparation method. Test results show that the air 
pluviation and moist tamping samples own the highest and the lowest K0 respectively. All the 
samples at medium loose and medium dense states show strain hardening subjected to the 
undrained monotonic loading. The air pluviation samples are more contractive than the other 
samples at the phase transformation points and the moist tamping samples exhibit an over-
consolidated behavior. In the cyclic loading tests, the air pluviation and the moist tamping 
samples exhibit the highest and the lowest liquefaction resistance. The cyclic undrained strength 
of the water pluviation and dry tamping samples is close, which is higher than that of the dry 
funnel deposition samples. It is also concluded that explaining differences in the mechanical 
properties from the fabric discrepancy induced by the sample preparation method is not 
comprehensive. Other factors such as homogeneity and stress history should be considered. 
In a conclusion, this study mainly investigates the factors affecting the anisotropic small strain 
stiffness and the role of initial fabric in the mechanical behavior of the calcareous sands. Of 
particular importance is that the results show a referential value for the evaluation of the soil 
property in situ based on the laboratory data. Therefore, one should bear in mind that 
underestimation or overestimation of soil state may happen if an improper sample preparation 




Zandgronden bezitten sterk verschillende eigenschappen, zoals mineralogie, korrelverdeling, 
korrelkarakteristieken en structuur, wat aanzienlijke verschillen veroorzaakt in het mechanisch 
gedrag in een klein tot groot vervormingsbereik. Kalkzand is een speciaal constructiemateriaal 
dat veel wordt gebruikt in landwinningsprojecten. Vanwege het mariene organisme heeft de 
korrel die kenmerkend is voor kalkzand, een andere vorm dan die van silicazand, en vertoont 
een zeer onregelmatige korrelvorm met hoge hoekigheid. Het is bewezen dat natuurlijke 
sedimenten een structurele anisotropie vertonen, vooral zandgronden. Tijdens het 
afzettingsproces van een korrelig materiaal met een hoekige korrelvorm neigt de lange as van 
de korrel zich horizontaal te oriënteren, wat leidt tot de vorming van een sterk anisotrope 
structuur. In dit proefschrift is een kalkzand uit de Perzische Golf getest in een reeks statische 
en dynamische triaxialproeven. De effecten van de initiële structuur, de karakteristieken van de 
korrels, de korrelverdeling en het gehalte fijn materiaal op de mechanische eigenschappen van 
het kalkzand worden onderzocht. 
De maximale glijdingsmodulus (G0) is een belangrijke elastische grondparameter die de kleine 
vervorming of de seismische respons van de grond bepaalt. De anisotrope stijfheid in het kleine 
vervormingsgebied is de afgelopen decennia uitgebreid bestudeerd. De meeste studies meten 
deze anisotrope stijfheid maar de factoren die dit mechanische gedrag beïnvloeden, zijn weinig 
onderzocht. In dit proefschrift worden de initiële structuur, de korrelgrootte, de korrelverdeling 




Ten eerste wordt voor het maken van laboratoriummonsters met verschillende initiële structuur 
een literatuurstudie over de methode voor monsteraanmaak gegeven en worden uiteindelijk vijf 
aanmaakmethoden geselecteerd, met name lucht- en waterstrooiing, droge en vochtige 
aanstamping en droge trechterafzetting. Nieuwe strooisystemen zijn speciaal ontworpen voor 
respectievelijk de lucht- en waterstrooimethodes. Om het verschil in structuur veroorzaakt door 
de aanmaakmethode te achterhalen, worden X-stralen tomografie scans uitgevoerd op de 
proefstukken en de verschillen in homogeniteit en structuuranisotropie worden geanalyseerd 
via deze tomografische beelden. De scanresultaten tonen aan dat kalkzandmonsters gestrooid 
in lucht de grootste structuuranisotropie vertonen. De structuuranisotropie uit de vijf 
aanmaakmethodes kan worden gerangschikt als: luchtpluviatie > waterpluviatie > droge 
aanstamping> vochtige aanstamping> droge trechterafzetting. Voor de uniformiteit wordt 
geconcludeerd dat de zones dicht bij de wanden lagere dichtheden vertonen en dit bij alle 
aanmaakmethoden. Kalkzandmonsters bij luchtpluviatie en bij de droge aanstamping worden 
respectievelijk het minst en het meest beïnvloed door de wand. Het monster dat met de 
luchtpluviatie wordt aangemaakt vertoont de grootste homogeniteit over de hoogte. Kijken we 
van boven naar beneden over de hoogte van het monster dan neemt voor de waterpluviatie en 
de droge trechterafzetting de dichtheid respectievelijk af en toe. De dichtheid voor in lagen 
aangemaakte zandmonsters vertoont variatie langs de monsterhoogte en de fluctuatie is het 
meest significant in de droge aanstamping. 
Wat betreft het effect van korrelkarakteristieken en korrelverdeling, worden verschillende 
zandstalen met kunstmatige korrelverdeling aangemaakt met de materialen gezeefd uit het 




gewichtspercentages fijne deeltjes bereid door het originele kalkzand te mengen met de 
gezeefde kalkhoudende fijne deeltjes. De maximale glijdingsmodulus in zowel verticale als 
horizontale vlakken wordt opgemeten via multidirectionele benderelementproeven. Vervolgens 
wordt de stijfheidsanisotropie verkregen. Het is gebleken dat de initiële structuur, de 
korrelgrootte en het gehalte fijne deeltjes een significante invloed hebben op de anisotrope 
stijfheid van het kalkzand. Kalkmonsters die met luchtpluviatie zijn aangemaakt, hebben de 
hoogste anisotropie verhoudingen. De laagste anisotrope stijfheid bestaat in de monsters die 
worden bereid door middel van vochtige aanstamping en droge trechterafzetting. De invloed 
van de initiële structuur, kan worden verklaard via de resultaten van de röntgentomografie. De 
stijfheidsanisotropie is minder opvallend in kalkzand met kleinere fracties en het effect van de 
uniformiteitscoëfficiënt (Cu) op de stijfheidsanisotropie is verwaarloosbaar. De 
monstervoorbereidingsmethode heeft een kleine invloed op de constanten in de Hardin-
vergelijking, met als conclusie dat het monster met een sterkere structuur een grotere A en m 
heeft maar lagere n. De gewijzigde Hardin-vergelijking is toepasbaar voor de anisotrope 
consolidatieproeven. De fijne deeltjes hebben een significante invloed op de maximale 
stijfheidsmodulus van het kalkzand. Deze glijdingsmodulus neemt af met de toename van de 
fijne fractie tot aan een drempelwaarde. Ook de stijfheidsanisotropie neemt af met de toename 
van de fijne fractie en daalt zelfs sneller na het bereiken van deze drempelwaarde inzake fijne 
deeltjes. Tot slot worden de constanten in de Hardin-vergelijking geactualiseerd rekening 
houdend met deze fijne fractie.  
In dit proefschrift worden de modellen voor het voorspellen van G0 bijgewerkt rekening 
houdend met de overconsolidatiegraad (OCR) en het percentage fijne deeltjes (FC). Voor fijne 
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zandmengsels worden drie modellen geïntroduceerd en aangepast en wordt hun 
voorspellingsvermogen vergeleken. 
Om de invloed van de initiële structuur op de mechanische eigenschappen van het kalkzand 
verder te bestuderen, worden K0-consolidatieproeven en ongedraineerde monotone en cyclische 
triaxiaalproeven uitgevoerd op de grondmonsters die met verschillende methoden zijn 
aangemaakt. De invloed van de oorspronkelijke structuur op de neutrale gronddrukcoëfficiënt 
(K0) en de ongedraineerde sterkte onder monotone en cyclische belastingen wordt geëvalueerd. 
Aangetoond wordt dat de waarden van K0 en de vervloeiingsweerstand van het kalkzand sterk 
worden beïnvloed door de monsteraanmaakmethode. De testresultaten tonen aan dat de 
luchtpluviatie en de vochtige aanstamping respectievelijk de hoogste en de laagste K0 leveren. 
Alle middelmatig los- en dichtgepakte monsters vertonen compactie bij ongedraineerde 
monotone belasting. De luchtpluviatiemonsters zijn meer contractief dan de andere monsters 
op de fasetransformatiepunten en de vochtige aanstamping vertoont een overconsolidatiegedrag. 
Bij de cyclische belastingsproeven vertonen de luchtpluviatie en de vochtige aanstamping 
respectievelijk de hoogste en de laagste vervloeiingsweerstand. De cyclische ongedraineerde 
sterktes van de waterpluviatie en de droge aanstamping liggen dicht bij elkaar maar hoger dan 
die van de droge trechtervorm aanmaakmonsters. Er wordt ook geconcludeerd dat het niet 
voldoende is om de verschillen in de mechanische eigenschappen uitsluitend te wijten aan de 
monsteraanmaakmethode. Andere factoren zoals homogeniteit en spanningsgeschiedenis 
moeten in overweging worden genomen. 
Concluderend onderzoekt deze studie voornamelijk de factoren die van invloed zijn op de 




mechanische gedrag van een kalkzand. Van bijzonder belang is dat de resultaten op basis van 
deze laboratoriumgegevens een voorspellingswaarde kunnen hebben voor de evaluatie van de 
grondeigenschappen in situ. Het is aangetoond dat een onderschatting of overschatting van het 
spannings-vervormingsgedrag kan optreden als een verkeerde methode voor monsteraanmaak 





Chapter 1. Introduction 
1.1 Outline of this thesis 
The initial fabric is an important parameter affecting the mechanical properties of soils. It has 
been proved from in-situ and laboratory tests on the undisturbed samples that natural 
sedimentation, including both clay and sandy soils, shows significant fabric anisotropy (Sully 
et al. 1995, Pennington et al. 1997, Yamashita et al. 2003). Oda (1988) stated that the inherent 
anisotropy of sandy soils can be traced to three aspects: the anisotropic distribution of contact 
normals, the orientation of void space and the preferred orientations of sand grains. The direct 
quantification of the fabric anisotropy of sand samples is achieved by analyzing the microscopic 
images of the sand matrix and it is shown that the sample preparation method plays an important 
role in the formation of a sample fabric (Yang et al., 2008; Yamamuro et al., 2004). 
Recently, extensive studies related to the effect of initial fabric on the mechanical properties of 
sands have been carried out. The common way for creating sand samples with different initial 
fabric is using various sample preparation techniques. The most developed sample preparation 
methods during the last decades are pluviation, tamping and vibration. The three methods can 
be subdivided into air and water pluviation, dry and moist tamping and dry and moist vibration 
taking into account the deposition environment and the water content in sands. Studies revealed 
that air pluviation produces samples with high fabric anisotropy (Yang et al., 2008; Ezaoui and 
Di Benedetto, 2009; Escribano and Nash, 2015). It is well recognized that the elongated grains 
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tends to be aligned with its long axis parallel to the horizontal plane during the deposition under 
gravity. Water pluviaiton can make very homogeneous and loose samples for uniform sands 
(Vaid and Negussey, 1988). Moist tamping creates samples with honeycomb structure at loose 
state due to the capillary forces between grains and particle orientation distributes more 
randomly (Yang et al., 2008). Samples made by vibration methods are unstable and grains 
experiencing vibration tend to rotate to the vertical direction (Yamamuro and Wood, 2004; 
Börzsönyi and Stannarius, 2013). It has been verified that the mechanical properties, such as 
small strain stiffness, static and dynamic undrained strength, have close correlations with the 
initial fabric of the sand samples (Ezaoui and Di Benedetto, 2009; Sze and Yang, 2014; 
Escribano and Nash, 2015). It is shown that the stiffness anisotropy of the air pluviation sample 
is higher than that of the moist tamping sample (Ezaoui and Di Benedetto, 2009). For loose 
sands, the moist tamping sample shows more contractive behavior than the samples made by 
the pluviation methods due to its fragile and like-honeycomb structure (Vaid et al., 1999; Chang 
et al., 2011; Benahmed et al., 2015). The liquefaction resistance of the air pluviated sample is 
generally the lowest compared with samples made by tamping and vibration at medium dense 
and dense states. In addition, efforts are also made on looking for a method to replicate the soil 
state of the undisturbed sample in the laboratory tests. For example, Vaid et al. (1999) and 
Ghionna and Porcino (2006) proposed that the water pluviation sample shows approximate 
equal undrained shearing strength with the undisturbed sample. 
The gradation of sandy soils is always concerned as an important parameter affecting the soil 
behavior (Vaid et al., 1990; Igwe et al., 2007; Wichtmann and Triantafyllidis, 2009; Giang et 
al., 2017; Amirpour Harehdasht et.al., 2019). It is shown that well-graded sands have higher 
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static and cyclic liquefaction resistance than poor-graded sands (Vaid et al., 1990; Igwe et al., 
2007). In the small strain range, it is generally realized that the small strain stiffness decreases 
with the increase of the coefficient of uniformity Cu (Wichtmann and Triantafyllidis, 2009; 
Giang et al., 2017). The change of fine content in a sand-fine mixture can also be recognized as 
an alteration of the gradation. However, the fine content FC instead of Cu is always used as 
the indicator to present the change of soil behavior. Although the soil behavior varies with the 
increase of fine content, the trend is not consistent. Thevanayagam et al. (2002) proposed the 
concept of a threshold fine content and so the change of soil behavior with FC may be divided 
in two stages. For example, Xenaki and Athanasopoulos (2003) showed the liquefaction 
resistance of the sand-silt mixtures increases and decreases with fine content before and after 
the threshold value respectively. Wichtmann et al. (2015) and Yang and Liu (2016) reported that 
smalls strain stiffness of the sand-fine mixtures decreases with fine content until the threshold 
is reached. After that, the small strain stiffness becomes stable around the value of pure fines.  
Calcareous sand is a common construction material in the offshore geotechnical projects. Its 
mechanical behavior is significantly different from that of silica sand due to its special nature 
composition. Calcareous sands, just as the name implies, are mainly composed of calcium 
sediments such as coral reefs, skeletal bodies like the shells of ocean organisms. The carbonate 
content of the most of calcareous sands can reach over 90%. For physical properties, the 
characteristics of calcareous sands generally are angular grain shape, high specific gravity and 
void ratio, intro-particle void and high crushability. During the last decades, studies as Brandes 
(2011), Van Impe et al. (2015) and Giretti et al. (2018) showed that the shear friction angles of 
calcareous sands are generally higher than those of silica sands. In undrained cyclic loading 
Chapter 1. Introduction 
4 
tests, calcareous sands show a lower liquefaction susceptibility than silica sands (Airey and 
Fahey, 1991; Hyodo, 1998; Qadimi and Coop, 2007; Porcino et al., 2008; Brandes, 2011; Giretti 
et al., 2017). It is also shown that the small strain stiffness of calcareous sands is significantly 
higher than that of silica sands (Giang et al., 2017). The different mechanical behavior of 
calcareous sands compared with silica sands can be generally attributed to the higher angularity 
of the grains resulting in a stronger interlocking between grains (Giang et al., 2017).  
Objectives 
This study aims at investigating the factors affecting the anisotropic stress-strain behavior of 
calcareous sands at small strains and the effect of the initial fabric on the mechanical properties 
of the sands. Several methods for reconstituting soil samples are developed in the Laboratory 
of Soil mechanics at the Ghent University. The microstructure of these samples is studied using 
X-ray tomography at UGCT of the Ghent University. In this study attention is paid to sample 
preparation methods, microstructure of the calcareous sand samples, small strains stiffness 
anisotropic behavior and static and cyclic undrained strength and subdivided into the following 
topics: 
1. To reconstitute the calcareous samples with different initial fabric, several methods as air 
and water pluviation, dry and moist tamping and dry funnel deposition are developed. New 
pluviators in air and water, fitting the trixial setup in the Laboratory of Soil mechanics at 
the Ghent University, are designed and fabricated. The factors controlling the sample 
density in the air pluviation method are investigated.  
2. To investigate the effect of sample preparation method on the microstructure of the 
calcareous sand samples, X-ray CT scan tests are performed atUGCT (Ghent University). 
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The uniformity and fabric anisotropy of the samples made by different methods are 
analyzed. The test results are further used to explain the differences in the mechanical 
behavior induced by the sample preparation methods. 
3. To study the factors affecting the small strain stiffness anisotropy, multidirectional bender 
element tests are performed on the samples made by different methods under isotropic and 
anisotropic consolidation and on samples containing various fine contents. The stiffness 
anisotropy, indicated by the shear modulus ratios measured on both horizontal and vertical 
planes, are quantified and the effects of sample preparation method, particle size gradation 
and fine content are investigated. Finally, existing empirical equations for predicting the 
shear modulus of calcareous sands at small strains are evaluated. 
4. To study the effect of initial fabric on the static and dynamic behavior of the calcareous 
sands, a series of K0 consolidation, monotonic and cyclic loading triaxial tests are performed 
on the samples made by different methods. Samples are prepared at various densities. For 
K0 consolidation tests, the effect of the sample preparation method on the K0 value is 
investigated. Tests are conducted under different consolidation pressures for both the 
monotonic and cyclic loading tests to investigate the effect of confining pressure on the 
strength of the calcareous sands. The liquefaction resistance of the calcareous sands, taking 






Chapter 2. Testing materials, apparatus and program 
2.1 Test materials 
Two kinds of sandy materials are used to reconstitute the laboratory samples in this study. One 
calcareous sand, named S1 sand, is from a reclamation site in the Persian Gulf. A silica sand 
from Antwerp in Belgium, named Mol sand, is used as the reference material. S1 sand is a well 
graded sand containing sharp grains which are mainly composed of shell, coral and other 
skeletons of marine organism, as shown in Figure 2.1. The carbonate content of S1 sand reaches 
95%. As Giang et al. (2017) indicated, S1 sand shows higher void ratio ranges than the typical 
silica sands. Mol sand is a poorly graded silica sand and it is composed of 96% quartz mineral. 
The morphology of Mol sand is given in Figure 2.2. Based on the roundness scale proposed by 
Powers (1953), the Mol sand grain is identified to be subangular but with high sphericity and 
the calcareous sand is angular with low sphericity. The physical properties of both S1 sand and 
Mol sand are summarized in Table 2.1 and the particle size gradations are shown in Figure 2.3. 
The specific gravity and particle size gradation are determined based on the ASTM standard 
(ASTM, 2017). To measure the maximum and minimum void ratios avoiding particle crushing, 
the Japanese standard is adopted (JGS, 2000). According to the standard, sands are deposited 
in a cylinder mold having an inner diameter and height of 60 mm and 40 mm respectively. In 
order to measure the minimum void ratio, sands are deposited into 10 layers and for each layer, 
a funnel is used and lifted slowly to avoid the particle segregation. The densification is carried 
out by tapping the mold periphery 100 times with 5 times at one position for each layer. The 
interval angle between two successive tappings is 45°. The maximum void ratio is obtained by
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depositing sands as slowly as possible in one time.  
     
Figure. 2.1 Tomography of S1 sands       Figure. 2.2 SEM tomography of Mol sands 
In this study, in order to study the effect of particle characteristic and gradation on mechanical 
properties, several calcareous sands with the various grain sizes and gradation are made by the 
grains sieved from S1 sands artificially, which are also exhibited in Figure 2.3. In the other 
word, SMol, SD1, SD2, SCU1 and SCU2 are calcareous sands but their gradations are 
predetermined based on the aim of this study. SCU1 and SCU2 sands own the same D50 but the 
different Cu with S1 sand. Therefore, the gradation lines pass the same point indicating the mean 
grain size and the only variate is Cu. SMol sand copies the gradation of Mol sand. SD1 and SD2 
sands have the same Cu (the cofficient of uniformity) but different D50 (mean grain size) with 
Mol sands. So, their gradation curves are almost parallel and the only variate is D50. The 
physical properties of these sands are listed in Table 2.1. 
Table 2.1. Physical properties of sands 
Properties S1 MOL SMol SD1 SD2 SCU1 SCU2 
Specific Gravity, Gs 2.81 2.64 2.81 2.81 2.81 2.81 2.81 
D50: mm 0.602 0.179 0.179 0.354 0.709 0.60 0.60 
Cu 3.89 1.55 1.55 1.55 1.55 1.70 7.76 
Maximum void ratio, emax 1.19 0.90 1.25 1.29 1.52 1.48 1.11 
Minimum void ratio, emin 0.73 0.56 0.81 0.85 0.98 0.97 0.69 
Fine content (diameter<0.063 mm), % 1.13 0.12 0.12 0 0 0 6 
5 mm
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Figure. 2.3 Particle size gradation 
 
2.2 Testing apparatus 
2.2.1 Static loading system 
A stress path control triaxial system manufactured by GDS is used in this study to conduct tests 
under static loading. The system consists of three digital pressure/volume controllers, a 50 mm 
hydraulic Bishop-Wesley stress path controlled triaxial cell and an 8-channels data acquisition 
panel, as shown in Figure 2.4. The three pressure/volume controllers provide the confining 
pressure, back pressure and axial stress/displacement respectively and the volume change is 
counted by the back-pressure controller simultaneously. With the advantage of the separated 
pressure supplying system, triaxial tests can be performed under anisotropic stress condition, 
for example, K0-consolidation and shearing and extension tests can be conducted under both 
stress and strain control. The capacity of the controllers is 2 MPa with the volume range of 200 
cm3. An internal submersible load cell with the capacity of 5 KN is equipped in the triaxial cell 
to measure axial stress. A LVDT is fixed outside the cell to measure axial displacement. All the 
transduces are connected to the data acquisition panel which is controlled by a PC with the 
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software GDSLab. In this study, two sets of pedestal and top caps are used, as shown in Figure 
2.5. One set fabricated with bender elements is used for transmitting and receiving a shear wave 
along the height. The other set is without bender elements and used for the monotonic undrained 
loading tests. The two sets of top cap and pedestal are alternative for different tests. Other 
auxiliary equipment working in the triaxial system includes the deaired water tank, the 
vacuum/pressure control panel and the CO2 supply, as illustrated in Figure 2.6. 
 
Figure. 2.4 Arrangement of the triaxial system with bender elements 
    
(a)                                     (b) 
Figure. 2.5 Top cap and pedestal: (a) with bender elements; (b) without bender elements for undrained 
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(a)                        (b) 
 
(c) 
Figure. 2.6 The equipment in the triaxial system: (a) CO2 supply; (b) deaired water tank; (c) vacuum panel. 
In this study, anisotropic consolidation tests, for example the K0 consolidation tests, are 
conducted in the stress path triaxial cell with the radial local strain measurement. The coefficient 
of lateral pressure at rest, K0, is the ratio of the horizontal effective stress to the vertical effective 
stress at the zero lateral strain condition. K0 tests can be performed in one-dimensional 
consolidation test with the lateral stress measurement or in stress path triaxial test with the 
horizontal strain control. A set of hall effect sensors for the local radial strain measurement is 
used in this study to achieve the zero lateral strain by adjusting the vertical stress when the 
radial effective stress is increased. The working principle of the hall effect sensor to measure 
small strain in the laboratory triaxial test has been illustrated by Clayton et al. (1989). In this 
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study, the calibration of the hall effect sensor before tests is necessary, and carried out with a 
micrometer with a resolution of 0.001 mm, as shown in Figure 2.7 (a). The calibration data is 
shown in Figure 2.7 (b). During K0 tests, the radial pad holding the sensor is mounted and 
attached on the membrane with glue in the middle height of a sample, as seen in Figure 2.8.  
 
(a)                                      (b) 
Figure. 2.7. Calibration of the hall effect sensor for the radial strain measurement: (a) illustration of the 
device; (b) calibrated data.   
 
 
Figure 2.8 Illustration of the radial strain measurement using a hall effect sensor. 
2.2.2 Dynamic loading tests 
In this study, the dynamic loading tests are the bender element tests and cyclic undrained triaxial 
tests in the small and large strain ranges respectively.  
Bender element tests  
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A bender element is a piezoelectric cantilever transducer used for generating and receiving 
shear motions. A bender element is composed of two bonded poled plates with electrodes 
coating. When a voltage is applied to the electrodes, the two plates deform in opposite directions, 
causing one plate to extend and the other to contract. Then the entire element generates a 
bending motion as illustrated in Figure 2.9. Oppositely, when a deformation happens on the 
plates, the bender element will generate a voltage, meaning that the transducer can be employed 
as both transmitter and receiver.  
 
Figure. 2.9 Operation of bender element after Kramer (1996). 
A bender element is first introduced in soil tests by Shirley and Hampton (1978). Then this 
technique is developed and employed into various tests such as the triaxial test, one-dimension 
consolidation test, true triaxial test and resonant column test. With the very small strain the 
bender element generates (less than 0.0001%), the obtained data, which is always quantified as 
the shear wave velocity, is used for evaluating the initial shear modulus based on the equation 
G0 = ρVs
2                             (2.1) 
where G0 is the initial shear modulus (MPa); ρ is the bulk density (kg/m
3) and Vs is the 
shear wave velocity (m/s). The shear wave velocity Vs is normally calculated with: 





                               (2.2) 
where L is the travel distance of the shear wave and t is the travel time. The travel distance 
is mostly indicated as the distance between the tips of the transmitting and receiving elements. 
The travel time is calibrated by subtracting the time measured when two elements are tip to tip 
attached, from the total travel time.  
The bender elements used in this study are arranged horizontally and vertically according to the 
shear wave propagation directions. The vertical bender elements, embedded into the top cap 
and pedestal respectively, are from GDS, and shown in Figure 2.5 (a). They have a width of 10 
mm and 3 mm penetration depth into soil samples and can send and receive both shear and 
compressive waves by two types of wire diagram. The horizontal bender elements are fabricated 
ourselves from the customized piezoelectric plates from Fuji Ceramics Corporation. They have 
dimensions of 4 mm in width and 10 mm in length and the thickness is 0.5 mm. In order to 
insulate the piezoelectric plates in practice, epoxy resin is used as the coating material. The 
bender elements with the final encapsulation are illustrated in Figure 2.10. The electrical wiring 
for activating the bender element to achieve the signal transmitting and receiving can be 
organized in two ways: parallel type and series type, as illustrated in Figure 2.11. The two layers 
of a bimorph are polarized in the same direction in a parallel type connection but in the opposite 
direction in a series connection. So, the activated displacement is larger for the parallel 
connection plate when a voltage is applied and the generated voltage is larger for the series 
connection plate when experiencing displacement. Therefore, the parallel connection and the 
series connection are recommended for the transmitting element and the receiving element 
respectively for the vertical bender elements in this study. On the other hand, all the horizontal 
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bender elements are soldered in series connection due to its simple employment.  
 
 
Figure. 2.10. Assembly of horizontal bender element. 
 
(a)                                  (b) 
Figure. 2.11. Illustration of the connections in the bender element assembly after Lee and Santamarina 
(2001): (a) series type; (b) parallel type. 
 
Normally generating and receiving signals require inserting bender elements into the soil 
sample so the soil particles surrounding the elements can be activated. However, in this study, 
an assembling technique named as the frictional bender element is used for the horizontal 
bender element mounting (Fioravante and Capoferri, 2001). In this technique, the signal 
transmitting and receiving is completed via the metal plates which are attached on the internal 
side of a rubber membrane. The bender elements are glued on the metal plates through the holes 
with 3 mm in width and 5 mm in length in the membrane. The diagram of this technique is 
illustrated in Figure 2.12. 
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Figure. 2.12. Scheme of the arrangement of the frictional bender elements after Fioravante and Capoferri 
(2001): FBE (frictional bender element); Shh (shear wave propagating and polarizing horizontally); Shv 
shear wave propagating horizontally and polarizing vertically; Ph (compressive wave propagating 
horizontally) 
Besides the bender elements, the signal system in the triaxial cell also includes the signal 
generator, receiver and signal amplifier, as shown in Figure 2.13. In this study, the signal 
generator and receiver are integrated into the digital oscilloscope PicoScope 2206, as shown in 
Figure 2.13 (a). The device has two channels which can transmit and receive signals with 
various shape and at different frequencies. The maximum wave amplitude is 2 V. Therefore, an 
amplifier is used, so the final signal can be amplified to 20 V.  Two channel transfer boxes are 
used for switching the channels of HH, HV and VH. Then, the bender elements located at 
different positions (HH, HV and VH) can be excited separately. 
   
(a)                        (b)                         (c) 
Figure. 2.13. signal system: (a) digital oscilloscope; (b) signal amplifier; (c) channel box. 
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Cyclic triaxial loading tests 
In this study, the cyclic triaxial loading tests are conducted with the advanced dynamic triaxial 
testing system (manufactured by GDS) in the geotechnical laboratory of the Geotechnic 
division of the Flemish government, as shown in Figure 2.14. The system consists of two 
pressure/volume controllers for the cell and back pressure supply and an axial loading base with 
a capacity of 10 kN. The system allows testing samples with diameters of 50 mm and 70 mm 
in the cell with 2 MPa capacity and the maximum loading frequency is 10 Hz. 
Performing a dynamic cyclic triaxial tests requires the same processes which are used in the 
traditional static triaxial tests as illustrated above. The distinct differences arise at the shearing 
stage and in the analysis of the soil response. This means that the sample preparation, saturation 
and consolidation introduced in the static triaxial test are also appliable for the cyclic triaxial 
tests. In the shearing stage, the control parameter selection is crucial and there are two ways 
which are load control and displacement control used in most of the dynamic triaxial tests. 
Investigating the cyclic strength requires loading to be applied under load control. However, in 
some cases, for example defining the degradation of elastic modulus, loading using 
displacement control is more appropriate. In addition, the selection of loading frequency should 
be taken care since the pore water pressure measured at the specimen end is unreliable in some 
cohesive soils due to the non-uniformity of pressure distribution within the samples when the 
loading frequency is inappropriate. In this study, to study the cyclic strength of the calcareous 
sands, the load control is used and the loading frequency is defined as 0.5 Hz. The pore water 
pressure within the samples is assumed uniformly distributed since the permeability of the 
calcareous sand is relatively high. 
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Figure. 2.14. Dynamic triaxial system in the geotechnical laboratory of the Geotechnic division of the 
Flemish government 
2.3 Summary 
In this chapter, the testing materials and the testing apparatus are introduced. Sands with an 
artificial gradation are made for investigating the influence of the particle characteristic and 
gradation on the mechanical behavior of the calcareous sands. It is seen that the calcareous sand 
used in this study is more angular compared with the silica Mol sand. 
The testing apparatuses used in this study consist of a static and a dynamic triaxial systems. In 
the static triaxial system, the radial pad mounting the hall effect transducer is used for achieving 
the K0 consolidation tests. In the dynamic system, the bender element system with the frictional 
bender element technique is introduced for the multidirectional shear wave velocity 
measurement. Two pairs of bender elements are fabricated for the transmitting and receiving of 
the shear waves propagation in horizontal direction. One pair from GDS is used in the vertical 





Chapter 3. Sample preparation method and its effect on the 
microstructure of calcareous sand samples: examination 
using X-ray tomography 
In this chapter, a literature review of sample preparation is firstly given. Then, five sample 
preparation methods in case the air and water pluviation, dry and moist tamping and dry funnel 
deposition are proposed to make the laboratory scale samples for the calcareous sands used in 
this study. The new pluviators for the air and water pluviation are designed and the factors 
affecting the sample density are investigated. A series of X-ray tomography tests are conducted 
on the samples prepared by the five methods and the differences in the homogeneity and fabric 
anisotropy are discussed. 
 
3.1 Review on sample preparation methods 
Extensive studies have shown that the mechanical responses of the reconstituted sand 
specimens under specific stress conditions are not only affected by the initial states (void ratio 
and density), but also influenced by their fabric. Samples reconstituted by different methods 
have significant differences in the initial fabric. From literature, the most used sample 
reconstituted techniques include pluviation, tamping and vibration. Factors playing an 
important role in sample reconstitution for sandy soils are discussed hereinafter. 
3.1.1 Tamping 
The tamping method is widely used in laboratory tests for reconstituting cohesionless soil 
samples, such as sands and gravels. A handy tamper is often utilized to tamp successive layers 
of a specimen with a quasi-static load. Tamping is suitable for both dry and moist sands.
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However, moist tamping is adopted mostly since it prompts capillary forces between soil    
particles and allows bulking of soils to low densities which are not achievable for saturated and 
dry soils. In addition, the internal stresses within a sample induced by capillary forces contribute 
to keeping the sample shape once the split mold is removed. 
Nonetheless, it is proved that specimens reconstituted by moist tamping exhibit more non-
uniformity in fabric than other methods (Thomson and Wong, 2008; Vaid et al., 1999). It is 
generally recognized that when sands are compacted in layers, the compaction of each 
succeeding layer can further densify the sands below. Aiming at reducing the non-uniformity 
induced by moist tamping, Ladd (1978) introduced a method named undercompaction. With 
this technique, the lower layers are initially compacted to a looser density compared with the 
final desired value so the final density of each layer is identical to the target density even with 
the consecutive overlaying compaction. The difference of relative density between successive 
layers is defined as the undercompaction ratio Un. Un is linearly varied from the bottom to the 
top layer with the maximum Un value at the bottom (first) layer. Mulilis et al. (1978) proved 
that the specimens reconstituted by the undercompaction method exhibit higher strength than 
the normally compacted specimens. 
Even though the undercompaction method improves the uniformity of specimens, moist 
tamping still does not show significant superiority over the pluviation method. Frost and Park 
(2003) investigated the uniformity of specimens reconstituted by moist tamping and the 
undercompaction method via quantitatively analyzing both X-ray and optical images. An 
undercompaction ratio of 3% is adopted, as shown in Figure 3.1. It is reported that the standard 
deviation of the relative density within this moist-tamped specimen is 6% which is still larger 
than that (3%) in the specimen prepared by the air pluviation method. Similar observation is 
also obtained by Frost and Jang (2000) by comparing the standard deviation of void ratio within 
specimens reconstituted by moist tamping and air pluviation.  
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Although the disadvantages of moist tamping in contrast with other methods are considered, 
this technique is still widely employed due to the relatively easy control for the global specimen 
density. Also, the moist tamping method has its advantage in controlling the particle segregation 
comparing to the pluviation method for sands containing fines (Askari et al., 2011). 
 




The pluviation method is widely recognized to be superior to moist tamping in leading to higher 
homogeneity within specimens. The process of pluviation is described to mimic the deposition 
of sands in nature and can be divided into air pluviation and water pluviation according to the 
pluviation environment. Extensive attention is paid to investigate the techniques for attaining 
the desired relative density and void ratio in the pluviation method. One type of pluviation 
device is adopted by Lagioia et al. (2006), Lo Presti et al. (1992), Rad and Tumay (1987) , Vaid 
and Negussey (1984) and Miura and Toki (1982), although small differences exist among them. 
The main components of the apparatus consist of a shuttle or hopper for releasing sands initially 
and a diffuser for dispersing sand columns to a uniform sand rain, as shown in Figure 3.2.  
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                 (a)                                  (b)                                        
Fig. 3.2. Pluviation device: (a) Lo Presti et al. (1992); (b) Lagioia et al. (2006). 
 
Deposition intensity and drop height are mainly concerned to affect relative density. It is 
repeatedly shown that increasing the deposition intensity by enlarging shuttle porosity or 
aperture as well as the diameter of the nozzle leads to a decrease of relative density (Lagioia et 
al., 2006; Lo Presti et al., 1992; Rad and Tumay, 1987; Vaid and Negussey, 1984). The decrease 
of relative density is attributed to the increment of interparticle interference occurring during 
deposition.  
Normally, the drop height is defined as the distance between the lowest sieve in the diffuser and 
the upper surface of the sample. Effect of falling height on relative density depends on the 
height required to get a terminal velocity. It is proved that the velocity is a function of the drag 
influenced by the pluviation environment (air or water) and gravity (Rad and Tumay, 1987; 
Vaid and Negussey 1988, 1984). When the drag arrives at the balanced point with gravity, the 
velocity of a particle reaches a constant terminal value. Therefore, relative density is 
independent of the falling height after the terminal velocity is reached. Also, the drop distance 
required for reaching terminal velocity is largely dependent on particle size, as shown in Figure 
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3.3. Hence, from the above, it can be concluded that for a predetermined particle diameter, if 
low drop height is used, the pluviation device should be raised continuously to keep the impact 
energy and density constant.  
In addition, attention should also be paid on the effect of diffuser on relative density. Normally, 
a diffuser is composed of a set of sieves rotated 45° horizontally with each other. However, 
Rad and Tumay (1987) proposed that the number of diffuser sieve and the distance between 
sieves are not important for controlling relative density, as shown in Figure 3.4 (a). However, 
the opening size of sieve can make evident effect on relative density. From Figure 3.4 (b), it is 
shown that with the size of opening sieve decreasing, relative density increases for a fixed 
shuttle porosity. In addition, there is a minimum opening size of the sieve below which sands 
are detained on the diffuser. So, attention should be paid to verify that sands are not collected 
on the diffuser before being deposited in the mold during a test.  
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(a)                            (b) 
Figure. 3.4. Factors affecting the density for the air pluviation method after Rad and Tumay, 
(1987): (a) number of diffuser sieve; (b) sieve opening. 
 
Details discussed above are based on the pluviation in air. However, water pluviation is also 
concerned for preparing reconstituted specimens as well. It is recognized that for a poor-graded 
sand, the sample exhibits more uniformity when pluviated in water than in air (Vaid and 
Negussey, 1988). The factors playing an important role in the relative density for air pluviation, 
such as drop height, aperture diameter of the shuttle, nozzle diameter of the hopper and diffuser, 
are negligible in water pluviation (Lagioia et al., 2006; Vaid and Negussey, 1988). The terminal 
velocity of the falling particle is reached quickly in water but much smaller than that in the air 
pluviation method. The initial state of the specimen reconstituted by water pluviation is very 
loose. Therefore, a higher density, if desired, is obtained by vibration. Vaid and Negussey (1988) 
performed a series of resonant column tests to investigate the differences in the Young’s 
modulus between the specimens reconstituted by air and water pluviation respectively. They 
showed that the densification method gives no detectable influence on the Young’s modulus, as 
shown in Figure 3.5. 
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Figure. 3.5. Comparison of the effect of the densification method by resonant column tests on 
Ottawa sand after Vaid and Negussey (1988). 
 
3.1.3 Vibration 
The vibration method is also widely used for densifying reconstituted samples. Handy vibrators 
and a vibration table are normally used for achieving the vibrated densification. Samples 
vibrated horizontally and vertically with different frequencies show different fabric and 
mechanical behavior (Mulilis et al., 1977). Horizontal vibration is achieved by applying a 
vibration to the mold side, which is similar with the tapping for densifying specimens made by 
water pluviation method. Vertical vibration is executed by applying vibration to a surcharge 
placed on top of the samples. Mulilis et al. (1977) found that low vibration frequency and 
vertical vibration introduces higher liquefaction resistance than high vibration frequency and 
horizontal vibration respectively. It was deduced that the vertical vibration works in a similar 
way in the moist tamping method, which induces a pre-consolidation to the sample and results 
in a stronger sample fabric. The higher frequency may cause a more unstable grain contacts, 
leading to weaker fabric. 
3.2 Sample preparation methods used in this study 
Five commonly used sample reconstituting methods in particular air pluviation, water 
pluviation, dry funnel deposition, dry and moist tamping are selected in this study. The 
deposition and densification steps in each method are significantly different, thus resulting in a 
variation of specimen fabric. 
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3.2.1 Air pluviation 
The air pluviation method is carried out with a sand raining system usually assembled with a 
Perspex tube consisting of a sand container on the top and several sieves along the drop height. 
The relative density of the specimens reconstituted by this method is controlled by the mass 
flow rate and dropping height (Vaid and Negussey, 1984; Drnevich, et al., 1987; Lo Presti, et 
al., 1992; Lagioia et al., 2006). A new sand pluviator is designed to fit the triaxial cell, as 
illustrated in Figure 3.6 (a). Before carrying out the tests, the mass of the pluviator is determined. 
Then, the weighted sand is poured into the funnel and a uniform sand raining is formed passing 
5 sieves. The sand falling outside the mold is collected by the pluviator. Finally, after leveling 
the surface of the sample, the pluviator together with the collected sand are weighted so the 
mass of the sample is obtained. Referring to research conducted by Rad and Tumay (1987), the 
drop height is defined as the distance between bottom sieve and top surface of the specimen 
and change in the distance from the funnel opening to the top sieve has no influence on the 
relative density of the sample. In this study, no attention is paid on controlling the drop height 
so the pluviator is fixed on the triaxial pedestal. The mass flow rate is controlled by the funnel 
opening size. The effects of funnel opening size and dropping height on the relative density for 
both S1 sand and Mol sand are investigated and shown in Figure 3.7. It is found that compared 
with mass flow rate, the influence of dropping height on relative density is minor. It is deemed 
that the drop height range used in this study is not high enough for a distinct density change for 
the calcareous sands. The obtained relative density in the air pluviation method is selected as 
the reference for samples prepared by other methods. 
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Figure. 3.6. Schematic of the pluviators: (a) air pluviation; (b) water pluviation 
 
 
Figure. 3.7. Factors affecting relative density using the air pluviation method: (a) funnel 
opening size, (b) drop height 
 
3.2.2 Water pluviation 
Vaid and Negussey (1988) showed that for a uniform sand, samples prepared with the water 
pluviation method exhibit a more homogeneous fabric than those prepared in other methods. In 
this study, in order to obtain a sand rain, a smaller scale pluviator is designed in the same way 
as described for the air pluviation method, as shown in Figure 3.6 (b). With this pluviator, sands 
of predetermined mass are pluviated into the mold filled with deaired water beforehand. It is 
concluded that the relative densities of water pluviated specimens are neither influenced by 
mass flow rate nor dropping height due to the reducing of impact energy (Vaid and Negussey, 
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loose and the densification is achieved by vibration. In this study, the vibration energy is given 
by slightly tapping the mold sides with a rubber hammer. 
3.2.3 Dry and moist tamping 
A cylindrical tamper having a matched diameter with the split mold is put into use for dry and 
moist tamping. For the moist tamping method, sand with 5% water content by weight is tamped 
in 10 equal layers into the mold. The layer number is decreased to 5 and the tamping time is 
reduced in the dry tamping method because of the lack of capillary force existing in the moist 
tamped sands. The under-compaction method proposed by Ladd (1978) is used to achieve a 
homogenous compaction. In addition, the compacting force is carefully controlled to avoid 
crushing in the S1 sand due to its fragility. 
3.2.4 Dry funnel deposition 
The dry funnel deposition is performed by keeping the opening of a long neck funnel at zero 
height to the sand surface and raising the funnel continuously until the target weighted sand is 
poured into the mold entirely (Yamamuro and Wood, 2004; Li et al., 2018). The densification 
and aimed sample height are achieved by tapping the mold side slightly. The benefit of this 
method is that it prevents the particle segregation of sands containing fines.  
3.3 X-ray tomography 
The X-ray tomography, as a non-destructive technique to investigate the internal structure of 
objects, has been developed decades ago in both medical and non-medical industries (Calvert 
and Veevers, 1962; Frost, 1896; Louis et al., 2007). Since the 1980s, a new high-resolution X-
ray tomography, named as micro-CT, was developed (Sato et al., 1981; Elliott and Dover, 1982; 
Grodzins, 1983). Compared with the medical CT, the micro-CT has a spatial resolution lower 
than 200 μm and sample size range from 40 cm to several micrometer (Cnudde and Boone, 
2013). The typical micro-CT setup mainly contains a X-ray source, a rotational table and a X-
ray detector. The rotation table allows obtaining projection images from different directions for 
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the 3D volume reconstruction. The focal spot size of the X-ray source limits the highest 
resolution the micro-CT can reach. The smaller the focal spot size is, the lower X-ray flux 
itrequires, which makes very high-resolution scan (<1 μm) impractical at the lab-based setup 
(Cnudde and Boone, 2013). In addition, the object-detector distance is also very important for 
achieving the optimum geometrical magnification, X-ray flux or cone angle (Masschaele et al., 
2013).  
The micro CT scanner used in the present study, named HECTOR, is developed in the X-ray 
tomography Centre of the Ghent University (UGCT). The system consists of three principal 
components which are the high power X-ray flux source, a rotation stage table and the flat panel 
detector, as shown in Figure 3.8. The high power X-ray flux source is a XWT 240-SE 
microfocus source made by X-ray WorX and it can delivery a target power of up to 280 W for 
high X-ray flux. The minimum focal spot size can lower to 4 μm, making the system be capable 
of doing standard micro-CT scan (Masschaele et al., 2013). The motorized stages in this system 
allows the adjustment of the distance between source and object and the vertical position for 
helical scanning and flat field positioning (Masschaele et al., 2013). The detector used in the 
system is 40x40 cm² PerkinElmer 1620 CN3 CS flat panel and mounted on a motorized stage, 
allowing achieving the optimum X-ray flux or cone angle by altering the distance between and 
detector (Masschaele et al., 2013). 
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In this study, an accelerating voltage of 160 kV at 25W was used to acquire 2401 projections 
per image with an exposure time of 1000ms per projection. The samples were prepared with a 
Perspex mold with the inner diameter in 50 mm and the height in 120 mm. S1 sands are used 
as the sample reconstitution materials. The full 120mm length of the samples was imaged by 
stacking three images together to form one image with a high aspect ratio. The obtained 
reconstructed voxel size was 28μm for all images. 
All the images were processed with a software called Octopus which is formally named as 
Morpho+ and developed in UGCT (Vlassenbroeck et al., 2007). It is a powerful toolkit which 
can perform 2D and 3D image and volume analysis in a user-friendly interface. In this study, 
the image processing includes two types. One type is for analyzing the homogeneity and particle 
orientation. Firstly, the 3D volume was stacked by a group of horizontal slices reconstructed 
from the X-ray radiographs. Then the vertical slices were sectioned from the 3D volume in X 
and Y directions respectively, as illustrated in Figure 3.9. In this study, due to the large 
laboratory sample scale and the resolution coordination for the well graded sands, the resolution 
of the scans increases to 28 μm (voxel size unit), meaning that measuring the real porosity 
becomes unattainable. However, the aim of this study is to evaluate the homogeneity and the 
real porosity is replaceable by another parameter as long as the density on each slice is 
quantified based on the same criterion. By assuming that the chemical and mineralogical 
composition of the S1 sands are the same for all the samples, the average gray value per slice 
can be used as a metric for the local density of the grain packing. The average gray value per 
slice reflects both the grain composition as well as the porosity. The higher the average gray 
value is, the higher the average atomic number of the mineral phases present in that slice and 
the higher density. In this study, the 3D reconstructed volume can be seen as the composition 
of thousands of vertical slices along radial direction or thousands of horizontal slices along 
height. The gray value of each slice is given directly by the Octopus Analysis so the spatial 
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uniformity of the five samples in both radial and vertical directions can be determined. In order 
to quantify the fabric anisotropy, the particle orientation is measured from the clockwise angle 
between the grain principle axis and the horizontal line. Three horizontal labels located equally 
along the height are labeled on the vertical slices, R1, R2 and R3 sectioned at different positions 
along the diameter in two orthogonal planes, as shown in Figure 3.10. Grains on these labels 
are marked manually for measuring the particle orientation. Finally, the spatial consistency of 
the fabric anisotropy in the radial and vertical directions is examined. Yang et al. (2008) found 
that the horizontal slice is transverse isotropy and the fabric anisotropy is insignificant. 
Therefore, in this study, only the grains on the vertical slices are considered. As explained, the 
particle orientation is evaluated for grains of which the diameters are minimum of 3 to 5 voxels. 
The grain contact normal is also a parameter indicating anisotropy. Kodicherla et al. (2018) 
mentioned that the fabric tensor inferred from the grain contact normal orientation is used to 
describe the stress induced anisotropy. However, in this study, the limited image resolution is 
not sufficient for quantifying the grain contact. So, the analysis on the contact normal 
orientation is not considered. For clarity, anisotropy used here defines the grains with a sample 
own a preferred deposited orientation. Non-uniformity means the heterogeneous spatial density 
distribution. 
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Figure. 3.10. Image preparation for particle orientation analysis: labelling the long axis of grains on the 
vertical slices in the sample made by air pluviation  
3.4 X-ray scan results 
3.4.1 Sample uniformity  
The gray values measured on the vertical and horizontal slices are normalized by their averaged 
values respectively so the density variation along the height and in the radial direction is 
obtained. Figure 3.11 presents the radial homogeneity for the samples prepared by the five 
methods. It is seen that for all samples, the density decreases with the increase of the distance 
from the central axis. Similar conclusions are also reported by Marketos and Bolton (2009) and 
Camenen et al. (2013) that zones close to the sample boundary have higher porosity. However, 
in this study, it is also noteworthy that this non-uniformity varies with the sample preparation 
method. The variation of the radial density in the air pluviation sample is 2%, which is the 
slightest. The most significant variation is observed in the dry tamping sample, corresponding 
to a density reduction of 17% at the boundary. For the water pluviation and the dry funnel 
deposition samples, the radial density variation is around 11% which is lower than that of the 
dry tamping sample. A variation of around 5% is observed in the moist tamping sample. In the 
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show an identical density deviation from the mean. The variation of the air pluviation sample 
is still the least and slightly higher than that of the moist tamping sample. In addition, it is 
interesting to note that there is a sudden density increase at the position very close to the 
boundary in the air pluviation sample. From the direct observation on the scanned samples, it 
is seen that finer grains concentrate at the boundary of the air pluviation sample, resulting in an 
increase of the density. This is clearly distinct from the other samples. For example, Figure 3.12 
shows the comparison of the side views of the air pluviation and the dry funnel deposition 
samples.  
 
Figure. 3.11. Radial homogeneity evaluated by the normalized gray value 
 
Figure 3.12. Side views of the air pluviation and dry funnel deposition samples 
 
Looking to the density variation along the sample height, samples prepared by different 
methods also show distinct disparity, as exhibited in Figure 3.13. The sample made by the air 
pluviation method shows the slightest fluctuation among the five samples. It is seen that the 
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density variation is significant in the samples prepared by layers such as tamping and dry funnel 
deposition. However, the fluctuation in the moist tamping sample is smaller and the density is 
almost the same at the top and bottom. It is deemed the tamping number required to reach the 
targeted density increases hugely in the moist tamping sample due to the high capillary force 
and the tamping faces between layers are compacted more tightly, reducing the density variation. 
Figure 3.14 shows the microscopic interfacial faces between layers in the dry tamping sample, 
which are not observed in the samples prepared by the other methods. In the dry funnel 
deposition sample, a higher density at the sample bottom is observed. A similar conclusion is 
also given by Flitti et al. (2019) from the X-ray scan tests conducted on a silica sand. Vaid and 
Negussey (1988) reported that the vibration applied for the densification may cause a looser 
state in the top zone if an improper seating load is applied on the sample surface. Although a 
seating weight is used in this study, it is seen the density heterogeneity along the sample height 
is not avoided. 
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Figure. 3.13. The density variation along the sample height: (a) air pluviation; (b) moist tamping; (c) dry 
funnel deposition; (d) water pluviation; (e) dry tamping 
 
Figure. 3.14. Central vertical slices of the samples made by the five methods: visible interfacial faces 
between layers in the dry tamping sample 
 
In the water pluviation sample, however, a lower density is observed at the sample bottom, 
which is opposite to the finding in the dry funnel deposition sample. Figure 3.15 shows two 
horizontal slices from the top and bottom of the sample respectively. It is seen that the gray 
value, circled in layer 889 and representing small grains, is rare in the layer 3863. Vaid and 
Negussey (1988) showed that the water pluviation is a repeatable method to produce a uniform 
sample. In this study, the nonuniformity is ascribed to the used sand having a different gradation. 
The water in the mold moves up during the sand deposition, creating an uplift force acting on 
the sand grains. Therefore, the grains small in diameter deposit slowly or even move upward 
inversely. Compared with the uniform sand used by Vaid and Negussey (1988), the sand in this 
study is well graded and therefore the segregation of grains after deposition is more pronounced, 
resulting in the nonuniformity in density along the sample height. In the study of Flitti et al. 
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(2019), an opposite conclusion about the uniformity in the water pluviation sample is reported, 
showing a higher density at the sample bottom. The difference can again partly be attributed to 
the sand gradation since they use a more uniform sand so the particle segregation is reduced. In 
addition, they deposit sands in several layers with a long neck funnel and the densification 
depends on tamping. Therefore, the disturbance from water flow is reduced and the grain 
segregation is further decreased. Also, the tamping technique can lead to the higher density at 
the lower layers.  
 
Figure. 3.15. Heterogeneity of density at the top (left) and bottom (right) of the water pluviation sample 
 
3.4.2 Fabric anisotropy  
In order to verify if the number of the particles selected is high enough, an examination on the 
particle orientation distribution of groups containing different number of grains is carried out. 
The particles are randomly selected from the vertical central slice in the air pluviation sample 
and the results are shown in Figure 3.16. It is seen that the differences between the lines become 
insignificant if the number of the particles is greater than 1000. Therefore, a horizontal label 
with 4 mm in height, containing sufficient grains, is finally selected. The number of grains used 
in the different labels is listed in Table 3.1.  
Figure 3.17 shows the particle orientation distribution of the grains in the above mentioned 
Horizontal slice 889 Horizontal slice 3863
Gray value: 34280.8 Gray value : 30941.3
Small grains
10 mm
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three horizontal labels of the samples prepared by the five methods. So, the variation of the 
particle orientation across the sample height is indicated since the three labels are located at 
different heights. It is seen that the particle orientation exhibits a similar distribution on the 
three labels for each preparation method, indicating that the fabric anisotropy is consistent in 
the vertical direction and the effect of sample preparation method on the fabric anisotropy 
distribution along the sample height can be neglected. In addition, combined with the results of 
uniformity, it is also noted that although the samples have a vertical density variation, the fabric 
anisotropy is unaffected. 
 
 
Figure. 3.16. Verification of the amount of the analyzed grains. 
Table. 3.1. The particle number for quantifying anisotropy distribution 
Samples 
Particle number 
Label 1 Label 2 Label 3 R1 R2 R3 
Air pluviation 1161 1474 1613 1340 1804 1104 
Moist tamping 2047 1916 1815 1614 2538 1626 
Dry funnel deposition 2269 2520 2609 1683 3559 2116 
Dry tamping 2168 1925 1913 1614 2786 1606 
Water pluviation 1298 1599 1503 1263 1967 1170 
Similarly, the particle orientation distribution along the diameter is drawn in Figure 3.18. It is 
shown that except for the water pluviation sample, the angle distribution at the three locations 
exhibits high consistency. In the water pluviation sample, the grains close to the boundary tend 
to be vertically aligned. Figure 3.19 shows a capture from the central section across the diameter 
in the water pluviation sample. It is seen that the particle orientation varies with the distance to 
the central axis and shows an axisymmetrical distribution. This particle alignment can again be 
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attributed to the effect of water flow on the movement of the sand grains during deposition. 
Figure 3.20 shows the trajectory of sand and water flow during the construction of the water 
pluviation sample. Although the deposition area of the sand once passed the sieves becomes 
wider, it is still smaller than the mold opening. So, less deposition intensity in the peripheral 
area provides the escape space for the water pushed by the falling sands. Therefore, a stronger 
upward force is applied to the sand grains at the boundary, leading to the inclined deposition 
angles. The closer to the sample boundary, the more vertical the particle orientation becomes. 
This variation of the radial fabric anisotropy indicates that only the grains on the vertical central 
slices can represent the overall fabric anisotropy in the water pluviation sample due to its central 
symmetry geometry.  
  
  
Figure. 3.17. Particle orientation distribution at different heights: (a) air pluviation; (b) moist tamping; (c) 
dry funnel deposition; (d) water pluviation; (e) dry tamping. 
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Figure. 3.18. Particle orientation distribution at different radial positions: (a) air pluviation; (b) moist 
tamping; (c) dry funnel deposition; (d) water pluviation; (e) dry tamping. 
 
Figure. 3.19. Capture from the central section in the water pluviation sample 
 
Figure. 3.20. The trajectory of sands and water flow during the construction of the water pluviation sample. 
 
3.5 Summary 
Five methods as air and water pluviation, dry and moist tamping and dry funnel deposition 
methods are used in this chapter to make the laboratory samples. New pluviators for the air and 
water pluviation are designed. The factors as funnel opening size and drop height, affecting the 
deposition density in the air pluviation method, are studied. It is found that the sample density 
increases with the decreasing of the funnel opening size and the influence of the drop height is 
negligible. 
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The uniformity and the spatial consistency of the fabric anisotropy in the calcareous sand 
samples prepared by the five methods are evaluated using X-ray tomography. For the uniformity, 
it is concluded that the zones close to the sample boundary show lower densities for all the 
preparation methods. The air pluviation and dry tamping samples are respectively the least and 
the most affected by the boundary. Along the height, the sample prepared by the air pluviation 
method shows the highest homogeneity. The density decreases and increases from the top to 
the bottom for the water pluviation and dry funnel deposition samples respectively. The density 
in the samples prepared in layers shows variation along the sample height and the fluctuation 
is the most significant in the dry tamping sample. The fabric anisotropy distributes uniformly 
along the sample height for all preparation methods. Due to the water flow in the deposition 




Chapter 4. Small strain stiffness of calcareous sands 
Sands exhibit a directional diversity in shear modulus at small strains, reflecting the anisotropic 
stiffness behavior in the structure. In this chapter, two sections are introduced to study the 
factors affecting the small strain stiffness of the calcareous sands. In Section 4.1, the sample 
preparation method, particle shape and particle size are considered as parameters to produce 
samples with various initial fabric. Then the stiffness anisotropy of calcareous sands and Mol 
silica sands is quantified by the small strain modulus G0 measured in horizontal and vertical 
planes with the bender element technique in triaxial tests. Test results indicate that the small 
strain stiffness and stiffness anisotropy of the calcareous sands are significantly affected by the 
differences in fabric anisotropy which originates from the sample preparation methods. The 
stiffness anisotropy can be well explained by the quantified X-ray tomography results. In 
addition, the effect of particle size on the small strain stiffness anisotropy of the calcareous 
sands is significant, as shown at the last part of this section. The grain shape of the calcareous 
sands is also discussed for explaining the significant higher anisotropic stiffness ratios 
compared with Mol silica sands. 
In Section 4.2, the Hardin equation for predicting G0 is updated. Anisotropic consolidation 
tests performed on S1 sands under a stress path of K=0.5 and K=2 and isotropic consolidation 
tests performed on S1 sands with various fine content are commented. The factors affecting the 
constants A, n and m in the modified Hardin equation, such as sample preparation method, 
stress history and fine content are discussed. It is shown that the sample preparation method has 
a slight impact on the constants in the Hardin equation and the modified Hardin equation is
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appliable for the anisotropic consolidation tests. The fine content has significant influences on 
both the small strain stiffness and the stiffness anisotropy ratio of the calcareous sands. The 
constants in the Hardin equation are updated by taking the fine content into account and a better 
prediction ability of the modified Hardin equation is obtained. 
Section 4.1: Anisotropic small strain stiffness of calcareous sand affected by sample 
preparation, particle characteristic and gradation 
4.1.1 Introduction 
Sand often exhibits directivity during its deposition process. When the geometry of a sand 
particle is not regular, the long edge tends to move to be parallel to the horizontal direction and 
the short side to the vertical direction. This deposition characteristic results in an anisotropic 
fabric of sandy soils, which spontaneously introduces significant variations in their engineering 
properties, for example the small strain modulus G0. 
The assessment of this stiffness anisotropy is easily achieved by conducting shear wave 
measurement tests, whose reliability is proven during the last decades (Bellotti et al., 1996; 
Pennington et al., 1997; Fioravante, 2000; Piriyakul and Haegeman, 2007; Ezaoui and Di 
Benedetto, 2009; Escribano and Nash, 2015). In order to evaluate the stiffness anisotropy, three 
shear moduli expressed as GHH, GHV and GVH are quantified by equation (2.1). The first and 
second subscript indicate the directions of shear wave propagation and polarization respectively. 
For example, GHH is derived from the shear wave propagating and polarizing horizontally. GHV 
is from the shear wave propagating horizontally but polarizing vertically. Commonly, the ratio, 
GHH / GHV is a representative parameter to demonstrate the stiffness anisotropy of soils. Bellotti 
et al. (1996) performed shear and compression wave tests on Ticino sands with geophones in a 
calibration chamber. The results under isotropic stress conditions showed a ratio GHH / GHV in 
the range of 1.14 to 1.21 corresponding to specimens with medium and very high densities 
accordingly. Fioravante (2000) investigated the anisotropic stiffness behavior of Kenya sand 
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and Ticino sand with bender elements under isotropic and anisotropic consolidation stress states. 
They measured the shear wave velocities from both vertical and horizontal directions and the 
shear moduli inferred from the shear wave velocities were evaluated. They found that the 
averaged values of GHH / GHV of Kenya sands and Ticino sands are 1.04 and 1.11 respectively 
in the isotropic consolidation tests. Other research results for the anisotropic stiffness ratio are 
summarized in Table 4.1. So, it can be concluded that the shear modulus in the horizontal plane 
is higher than that in vertical plane.  
Previous research reveals that fabric plays a vital role in the stiffness anisotropy of sand. 
However, it is quite difficult to obtain a sample with undisturbed fabric from the site. Therefore, 
developing applicable methods for reconstituting sand samples in laboratory becomes 
noteworthy. Several techniques, such as pluviation, tamping and vibration, are used to 
reconstitute granular soil specimens. Studies show that different sample reconstitution methods 
result in different sand fabric and thus the stiffness behavior at small strains. Ezaoui and Di 
Benedetto (2009) performed a series of triaxial tests on Hostun silica sands. They measured the 
small strain stiffness with both dynamic and static methods which are achieved by bender 
element tests and local small strain measurement By conducting isotropic consolidation tests 
on the samples prepared by several methods, they showed that Hostun sand samples prepared 
by air pluviation and vibration methods exhibit higher Young’s modulus in horizontal direction 
than in vertical direction and an inverse tendency is observed within moist tamping samples. 
Escribano and Nash (2015) also performed triaxial tests with vertical and horizontal shear wave 
velocity measurement on Hostun sands under isotropic and anisotropic stress states. The 
samples in their study were prepared by moist tamping method. By evaluating the inherent 
anisotropy from the isotropic consolidation tests, they found that moist tamping samples show 
smaller ratios of GHH / GHV than values of the air pluviation samples which are made with the 
same sands in literature. For investigating fabric anisotropy in microscopic view, Yang et al. 
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(2008) conducted scanning electronic microscope analysis on Toyoura sand samples made by 
dry deposition (air pluviation) and moist tamping samples. By quantifying the particle 
orientation of the grains on selected vertical sections, they confirmed that moist tamping 
specimens possess a lower inherent anisotropy than dry deposition specimens. 
In this section, a calcareous sand and a reference silica sand are used to reconstitute samples at 
two relative densities in a triaxial cell. Van Impe et al. (2015) showed the grain morphology of 
the calcareous sand and a very irregular grain shape is observed. They found the maximum and 
minimum void ratios are beyond the typical range of silica sand. Giang et al. (2017) obtained 
the sphericity of the calcareous sand and Mol sand by X-ray tomography and they found the 
sphericity of the calcareous sand is well lower than the Mol sand. Research conducted by Payan 
et al. (2016) and Giang et al. (2017) reveals that sands with lower sphericity are stiffer due to 
the stronger intercontact and rotation resistance between particles. In addition, a lot of research 
is carried out on the effect of mean grain size (D50) and the coefficient of uniformity (Cu) on the 
small strain stiffness of sands and it is demonstrated that the Cu is an important factor affecting 
the small strain stiffness while the effect of D50 is insignificant ( Iwasaki and Tatsuoka, 1977; 
Enomoto, 2016; Payan et al., 2016; Wichtmann and Triantafyllidis, 2009, 2010). For example, 
Enomoto (2016) performed a series of drained triaxial compression tests to evaluate the effects 
of grading and particle characteristics on the small strain stiffness of a wide variety of granular 
materials. He measured the quasi-elastic deformation property at small strain levels around 
0.001% by static method and Young's moduli was evaluated. He reported that Young's moduli 
decreases with the increase of coefficient of uniformity and the effect of mean particle diameter 
is not clear. Similar results were also given by Wichtmann and Triantafyllidis (2009, 2010) on 
small strain shear modulous, on the small-strain constrained elastic modulus and on Poisson’s 
ratio. They performed a series of resonant column tests with additional P-wave measurements 
on silica sands owning various gradations. From their results, it is seen that small strain shear 
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modulous, constrained elastic modulus and posisson’s ratio all decrease significantly with the 
increase of coefficient of uniformity and the effect of mean grain size is still unclear. The 
research presented above indicates that the investigation of the small strain stiffness anisotropy 
of sandy soils, taking the particle characteristics and gradation into consideration, is interesting 
and worthwhile, especially for the calcareous sand with a morphology in low sphericity as 
reported by Giang et al. (2017). 
All tests in this section are performed under isotropic effective stress conditions excluding the 
effect of stress induced anisotropy. Shear wave velocities are measured in vertical and 
horizontal directions with the bender element arrangement method proposed by Fioravante and 
Capoferri (2001), which is called a frictional bender element. Air and water pluviation, dry and 
moist tamping and dry funnel deposition are chosen as sample preparation method (SPM). 
Finally, the dependency of stiffness anisotropy on SPM, particle characteristics and gradation 
of calcareous sand is examined. In addition, results from X-ray tomography tests are used and 
the micromechanism of stiffness anisotropy, related to fabric anisotropy, is explained. 
4.1.2 Test materials and program 
Mol sands and S1 sands are used to investigate the effect of sample preparation method. SMol, 
SCU1, SCU2, SD1 and SD2 are used to study the effect of the particle characteristics and 
gradation on the small strain stiffness anisotropy. Details of these sands can be found in Chapter 
2. All consolidation tests are conducted in a hydraulic Bishop-Wesley stress path controlled 
triaxial cell as described in Chapter 2. Five commonly used sample reconstituting methods in 
particular air pluviation, water pluviation, dry funnel deposition, dry and moist tamping are 
selected in this study. The deposition and densification steps in each method are significantly 
different, thus resulting in a variation of specimen fabric. Details about the sample preparation 
methods and the factors affecting the relative density of the reconstructed samples have been  
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Bellotti et al. 
(1996) 
Ticino 0.55 1.6 0.732 Air Pluviation 
Calibration Chamber, 
Geophone 
Dry 1.14-1.21  
Fioravante (2000) 
Ticino 0.55 1.6 0.732 
Air Pluviation Triaxial Cell, BE Dry 
1.1  
Kenya 0.13 1.86 - 1.21  
Kuwano and 
Jardine (2002) 
HRS 0.27 1.67 0.705 Air Pluviation Triaxial Cell, BE Saturation 1.1  
Yamashita et al. 
(2003) 
Toyoura 0.21 1.22 0.743 
Air Pluviation Triaxial Cell, BE Saturation 
1.1  
Kussharo 0.47 4.46  1.28  
Chaudhary et al. 
(2004) 
Toyoura 0.19 1.56 0.743 Air Pluviation Triaxial Cell, BE Dry  1.28 
Ezaoui and Di 
Benedetto (2009) 
Hostun 0.36 1.42 0.723 
Air Pluviation 
Triaxial Cell, BE Dry 
 1.09-1.16 
Dry Vibration  1.06-1.14 
Dry Tamping  0.87-0.93 
Fioravante et al. 
(2013) 
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HRS 0.27 1.67 0.705 Moist Tamping Triaxial Cell, BE Saturation 1.04  
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given in Chapter 3.  
Samples with 50 mm in diameter and 100 mm in height were prepared in a split mold. After 
setting up the specimens, a vacuum of 20 kPa followed by a positive isotropic cell pressure 20 
kPa was applied to the samples. The increment of cell pressure was applied while decreasing 
the vacuum simultaneously. In order to saturate the samples efficiently, carbon dioxide and 
deaired water were percolated through the samples from bottom to top for 30 minutes and 1 
hour successively. Then the back pressure and cell pressure were increased to 200 kPa and 220 
kPa synchronously to maintain the effective consolidation stress at 20 kPa. The saturation with 
a B-value larger than 0.95 was achieved after keeping the back pressure for 1 hour. For 
specimens prepared by water pluviation method, the drainage system was saturated in advance. 
Deaired water was percolated through the samples as described above. However, the back 
pressure was increased to 350 kPa and held for two hours to achieve the target saturation. In the 
next stage, samples were subjected to an effective consolidation stress between 50 kPa and 400 
kPa with an increment step of 50 kPa. Bender element tests were performed after a resting 
period of 30 minutes within each step. At the end of the test, the tested sands were collected for 
examining the particle crushing. The summary of all the tests are listed in Table 4.1.2. The 
repeatability of the test results was examined by repeating the tests at least two times. For the 
sake of clarity, only one test each time is discussed. 
In order to select the optimal signal excitation frequency and interpretation method, sinusoidal 
pulse waves at frequencies of 10, 15 and 20 kHz were excited with a double amplitude of 20 V. 
Three signal interpretation methods, named Start-Start (SS), Peak-Peak (PP) and Cross-
Correlation (CC) are compared.  
SS method defines the travel time as the distance between the start point of the transmitted 
signal and the first reversal point of the received signal, which can be seen in Figure 4.11. PP 
method defines the travel time as the distance between the two first peaks of both the transmitted 
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Table. 4.1.2. Summary of laboratory tests 
Test name Material Sample preparation methods Confining pressure: kPa Relative density: % 
Series-S1-60 S1 Air pluviation 400 60 
S1 Moist tamping 400 60 
S1 Dry funnel deposition 400 60 
S1 Dry tamping 400 60 
S1 Water pluviation 400 60 
Series-S1-40 S1 Air pluviation 400 40 
S1 Moist tamping 400 40 
S1 Dry funnel deposition 400 40 
S1 Dry tamping 400 40 
S1 Water pluviation 400 40 
Series-Mol-60 Mol Air pluviation 400 60 
Mol Moist tamping 400 60 
Mol Dry funnel deposition 400 60 
Mol Dry tamping 400 60 
Mol Water pluviation 400 60 
Series-Mol-40 Mol Air pluviation 400 40 
Mol Moist tamping 400 40 
Mol Dry funnel deposition 400 40 
Mol Dry tamping 400 40 
Mol Water pluviation 400 40 
Series-SMol-60 SMol Air pluviation 400 60 
Series-SD1-60 SD1 Air pluviation 400 60 
Series-SD2-60 SD2 Air pluviation 400 60 
Series-SCU1-60 SCU1 Air pluviation 400 60 
Series-SCU2-60 SCU1 Air pluviation 400 60 
 
and received signals. CC method assumes the travel time as the time shift corresponding to the 
peak value of cross-correlation function between the transmitted and received signals. The CC 
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𝑇
0
                (4.1.1) 
where x(t) and y(t) are the received and transmitted signals respectively, T is the time record 
and τ is the time shift between two signals. In this study, the travel time of CC method is 
evaluated by a tool kit released by GDS. 
Figure 4.1.1 shows the waves and the estimated travel times at the effective consolidation 
pressure of 150 kPa in the air pluviation sample. Ogino et al. (2015) showed that the Cross-
Correlation method is not effective when the first peak and the maximum peak are not 
coincident due to the reflected P waves. In this study, an inconsistence between the first peak 
and the maximum peak of CC is found in the HH and HV waves. Although the SS is frequently 
used in literature, the determination of the shear wave travel time is subjective and highly 
affected by the near field effect. Considering the double peaks of CC and the objectivity, the PP 
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method is finally selected for the signal interpretation. For the signal excitation frequency, 
Yamashita et al. (2003) used the averaged value from the estimated travelling times of 10, 15 
and 20 kHz. In this study, it is found that the travel times decrease slightly with the increasing 
of the frequency for the HH and VH waves. For HV waves, no difference is found. Therefore, 
to get the compromise, 15 kHz finally is used as the signal excitation frequency for all samples. 
      
Figure. 4.1.1. Travel time evaluation at the effective consolidation pressure of 150 kPa in the air pluviation 
S1 sample: (a) HH waves; (b) HV waves; (c) VH waves
 
4.1.3 Test results 
4.1.3.1 Fabric anisotropy 
There is a precondition that crushing, as a vital behavior for calcareous sand, is not present in 
this study. Careful examination on the particle size gradation of the tested sands was carried out. 
The results of the S1 sand samples made by different sample preparation methods are shown in 
Figure 4.1.2. It is seen that the gradation lines nearly overlap, meaning that crushing is 
insignificant in the current stress range and not affected by the sample preparation methods. 
Similar conclusion about the crushability of the calcareous sands was also given by Giang et al. 
(2017). 
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Figure. 4.1.2. Crushing examination on the tested S1 sands 
Figure 4.1.3 and Figure 4.1.4 plot the small strain shear modulus GHH, GHV and GVH versus the 
effective consolidation stresses for the five preparation methods on both S1 and Mol sands at 
60% relative density (Dr). It is seen in Figure 4.1.3 that for S1 sand, GHH is remarkably higher 
than GHV and GVH. The result is consistent with the widely recognized conclusions of Bellotti 
et al. (1996), Fioravante (2000), Ezaoui and Di Benedetto (2009) and Escribano and Nash (2015) 
that sands always exhibit higher stiffness in the horizontal plane than that in vertical plane. The 
almost identical values of GHV and GVH show that S1 sand samples behave as an elastic 
homogeneous continuum, which is nevertheless not detected in Mol sand. In Figure 4.1.4, GHH 
has close values with GHV, while GVH is apparently lower. Although similar observations on 
sands are reported by Kuwano and Jardine (2002) and Escribano and Nash (2015), explanation 
for these differences is still not fully clear. Kuwano et al. (2002) stated that the differences 
between GHV and GVH is due to the differences in particle characteristics. Escribano and Nash 
(2015) attributed the differences to the geometric and boundary effects and the heterogeneous 
fabric. From the observation in this study, it is assumed that the inconsistency between GHV and 
GVH for S1 and Mol sands can partly be attributed to the particle shape since S1 sand has a 
lower sphericity than Mol sand. In addition, the inequality between GHV and GVH of S1 samples 
in moist tamping proves that the effect of sample preparation method on the anisotropic 
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behavior of soils is non-negligible. 
 
   
 
Figure. 4.1.3. G0 versus effective consolidation stress: S1 sand, Dr = 60% 
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Figure. 4.1.4. G0 versus effective consolidation stress: Mol sand, Dr = 60% 
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4.1.3.2 Effect of sample preparation method on the shear modulus at small strains 
In order to compare the shear modulus measured on samples reconstituted in different methods, 
all GHH, GHV and GVH are normalized by the corresponding values obtained from air pluviation 
samples, as plotted in Figure 4.1.5. It is seen that the differences induced by the sample 
preparation methods on G0 are directionally dependent. Air pluviation produces a higher value 
in GHH. Both the GHH and GHV in the moist tamping sample are in the highest range. Although 
an intermediate value of GVH in the S1 moist tamping specimens is observed, compared with 
other methods, it can still be concluded that the moist tamping method results in the stiffest 
fabric among the five preparation methods. It is seen that the small strain stiffness given by the 
dry funnel deposition sample is always in the lower ranges for both sands.  
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Figure. 4.1.5. Effect of SPM on G0 for S1 sand and Mol sand at Dr = 60%  
Although noticeable differences in G0 are obtained in this study considering SPM, Tatsuoka et 
al. (1979) concluded that from RC (Resonant Column) tests, the effect of SPM on G0 is 
negligible. The inconsistent results can be ascribed to the test method, as described by Gu et al. 
(2015). They stated that G0 measured in RC tests is a global stiffness within the whole sample, 
however, the results from bender element test possess high directionality. In this study, the 
different stiffness behavior of S1 sand on horizontal and vertical planes also proves that the 
effect of SPM on the shear moduli in different directions is not the same. In addition, compared 
with samples prepared in dry conditions, moist tamping samples possess higher capillarity 
forces between the particles. A higher tamping force applied for a given target density results 
in more stable and higher amount of contacts among particles causing higher stiffness. 
Yamamuro and Wood (2004) analyzed the particle contacts of dry funnel deposition samples in 
microscope and verified the theory in which vibration and low energy deposition produce more 
unstable grain contacts. In accordance with this research, it is reasonable to obtain a lower 
stiffness in the dry funnel deposition samples for both sands in this study. 
4.1.3.3 Effect of sample preparation method on stiffness anisotropy 
The ratio between GHH and GHV as a result of propagation in the same direction with different 

























Effective consolidation stress: kPa
(e)

























Effective consolidation stress: kPa
(f)
Chapter 4. Small strain stiffness anisotropy of calcareous sands 
55 
polarization directions can provide an insight in the stiffness anisotropy. The ratio of GHH / GHV 
for samples prepared by different methods is presented in Figure 4.1.6. It is seen that samples 
prepared by the air pluviation method result in the most pronounced stiffness anisotropy 
compared with those reconstituted by other methods. The ratios of GHH / GHV at different 
consolidation pressures are averaged at 1.59 and 1.07 for S1 and Mol samples at 60% relative 
density respectively. It is also seen that for the samples at 60% relative density, the lowest 
anisotropy ratios are produced by dry funnel deposition and moist tamping for S1 sands and the 
averaged values of the anisotropic ratios at different consolidation pressures for the both 
methods decrease to around 1.26. For Mol sand, a value lower than 1 is observed for the moist 
tamping sample at 60% relative density and only the air pluviation and dry tamping methods 
give ratios higher than 1 at 40% relative density. 
Differences in the stiffness anisotropy produced by different SPM are discussed in several 
previous stuides. It is recognized that the moist tamping method results in higher stiffness in 
the vertical plane and reduces the inherent anisotropy (Yang et al., 2008; Ezaoui and Di 
Benedetto, 2009; Escribano and Nash, 2015). Escribano and Nash (2015) obtained a value of 
GHH / GHV of about 1.04 from moist tamping samples of Ham River sand, while, with the same 
sand, a higher value of about 1.10 is proposed by Kuwano and Jardine (2002) for air pluviation 
samples. Yang et al. (2008) found the particle orientations from the moist tamping samples are 
more random and an isotropic fabric was observed. Combining the results from this study with 
previous conclusions, the various stiffness anisotropy can be explained as follows. In this study, 
it was observed that the uniform sand rain avoids the head up in taper from the axis in the air 
pluviation method, providing a plane for the particle horizontal alignment. During the pluviated 




Figure. 4.1.6. Stiffness anisotropy ratio versus effective consolidation stress: (a) S1 sand, Dr =60% (b) Mol 
sand, Dr =60% (c) S1 sand, Dr =40% (d) Mol sand, Dr =40 % 
sands depositing, the grains arrive at a stable state under gravity. The continuous deposition 
process provides sufficient time and space for the particle rearrangement and an 
approximatively horizontal bedding plane is formed, as illustrated in Figure 4.1.7 (a). Based on 
the conclusion of Yamashita et al. (2003) that shear waves propagate faster in the plane parallel 
to the bedding plane than in the normal one, combining Equation (4.1.1), the highest stiffness 
anisotropy of the air pluviation sample in this study can be explained.  Although the pluviation 
technique is carried out in the water pluviation method, it is deemed that the deposited particles 
are not aligned horizontally ideally compared with the grains in the air pluviation sample. In 
this study, in order to deposit sands in a similar way in the air and water pluviation methods, 
the usual operation in the water pluviation method by keeping the funnel opening beneath the 
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water surface and lifting it upward slowly is not adopted. The uniform sand depositing at a 
height generates a certain amount of kinetic energy and gives rise to the water disturbance which 
affected the particle settlement in reverse, resulting in a less anisotropic fabric than that in the 
air pluviation sample. During depositing sands in the dry funnel deposition method, the almost 
zero dropping height limits time and space and the particle movement is insufficient and not 
comparable with that in the air pluviation method, as shown in Figure 4.1.7 (b). In addition, the 
vibration applied to the dry funnel deposition samples, required for densification, also plays a 
negative role in the stiffness anisotropy. In the literature review given by Börzsönyi and 
Stannarius (2013), they summarized that the elongated grains tend to be vertically aligned after 
experiencing high intense vibration, for example, a peak acceleration of 3 g or many thousands 
of tappings. In the dry funnel deposition sample, although the vibration is lower (around 100 
tappings), it is deemed that the grain rotation happens and leads to the decreasing of fabric 
anisotropy. For the moist tamping specimen, there is the directional and higher energy input 
during the sample reconstruction, as mentioned beforehand. Kuwano and Jardine (2002) 
indicated that granular media develops its internal fabric to match the applied load, providing 
the preferred pathways for wave propagation. Similarly, in this study, the tamping load in the 
moist tamping method increases the vertical stiffness and allows the shear waves to propagate 
faster than those in the vertical planes of the other samples. In the dry tamping sample, the 
tamping effort is reduced hugely due to the lack of capillary force, resulting in a lower vertical 
stiffness and a higher stiffness anisotropy compared with those in the moist tamping sample. 
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Figure. 4.1.7. Illustration of the deposition process: (a) air pluviation; (b) dry funnel deposition 
4.1.3.4 X-ray image analysis 
Looking to the more distinct stiffness anisotropy behavior of S1 sands compared with that of 
Mol sand, the direct visual investigation on the fabric of S1 sands at 60% relative density was 
carried out based on the X-ray tomography. The fabric anisotropy was quantified by measuring 
the inclination angle of the major axis of the sand grain, as illustrated in Chapter 3. Six randomly 
selected captures on one slice are used for quantifying the particle orientation for a sample 
preparation method. Finally, the angle distribution in the five samples is obtained, as shown in 
Figure 4.1.8. It is deemed that an even angle distribution within 0° to 180° represents the 
isotropic fabric. In this study, quantifying the grain orientation in 3 dimensions is unattainable 
since the particle segregation is quite hard under the current scan resolution limited by the large 
sample size and the well gradation of S1 sands. However, Yang et al. (2008) proved that 
evaluating the fabric anisotropy by 2D images is practicable. Under the limited resolution, 
labelling some grains requires a visual judgement and the smallest detectable grain diameter is 
about 0.3 mm. In addition, the differences in the analyzed particle number, as seen in Figure 
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4.1.8, are due to the difficulty variation in particle recognition since the image quality is 
different. However, after trial and error, it is found that sufficiently objective and consistent 
results are obtained when the grain number exceeds 1000. 
 
    
 
Figure. 4.1.8. The inclination angle distribution of S1 sand samples prepared by the five methods: (a) air 
pluviation; (b) water pluviation; (c) dry tamping: (d) moist tamping; (e) dry funnel deposition; (f) angle 
ranges of the particle alignment 
Table. 4.1.3 The percentages of particles preferring horizontal and vertical alignments for S1 sand sample 












50°< Angle <130° 14.78 24.79 31.02 32.54 43.01 
0°< Angle <40°, 140°< Angle<180° 80.07 64.84 58.27 56.19 47.26 
It is seen in Figure 4.1.8 that particles tending to a horizontal alignment play the dominant role  
in the air pluviation sample. In the water pluviation sample, the vibration performed for 
densification and the disturbance induced by the water flow result in a slightly more isotropic 
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fabric than that in the air pluviation sample. It is interesting to note that the dry funnel deposition 
method produces more isotropic sample fabric than the moist tamping method, while, in Figure 
4.1.6 (a), the difference in anisotropic ratios between the moist tamping and dry funnel 
deposition samples is insignificant. It is deemed that the tamping force in the moist tamping 
method increases the vertical stiffness and decreases the stiffness anisotropy. From Table 4.1.3, 
it is seen that the amount of particles tending to be horizontally aligned in the dry tamping 
sample are slightly higher than those of the most tamping sample. In Figure 4.1.6 (a), the 
stiffness anisotropy ratio of the dry tamping sample is higher than that of the moist tamping 
sample.  It is explained that, as mentioned above, the reduced tamping force in the dry tamping 
method, compared with that in the moist tamping method, leads to a smaller increment of the 
vertical stiffness, resulting in a higher stiffness anisotropy. 
4.1.3.5 Effect of particle characteristics and gradation on the stiffness anisotropy of 
calcareous sand 
In order to clarify the effect of the particle characteristics and gradation on the stiffness 
anisotropy, identical tests are performed on SMol, SD1, SD2, SCU1 and SCU2 sands with the 
air pluviation method. Figure 4.1.9 shows the anisotropy ratios of these sands under isotropic 
consolidation pressures. It is seen that the sands (SMol, SD1 and SD2) with larger D50 but 
identical Cu show higher anisotropy ratios, reflecting that the increased particle size enhances 
the stiffness anisotropy. However, the effect of Cu on the stiffness anisotropy is insignificant. 
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Figure. 4.1.9. Effect of D50 and Cu on the stiffness anisotropy of calcareous and Mol sands: (a) D50; (b) 
Cu 
It is interesting to note that the ratios of GHH / GHV of the six calcareous sands are significantly 
higher than those of sands in Table 4.1.1. Attention is paid on the particle shape. Aspect ratio 
and sphericity are two main parameters to quantify the particle shape. Aspect ratio is defined as 
the ratio between Feret minimum and Feret maximum diameters, as illustrated in Figure 4.1.10. 
Sphericity is the ratio of the surface area of a sphere owning the same volume with a particle to 
the actual area of the particle. Gao et al. (2015) mention that the low aspect ratio of a sand 
particle enhances the inherent stiffness anisotropy. From the database summarized by Altuhafi 
et al. (2016), a positive correlation between aspect ratio and sphericity is found. Therefore, it is 
deduced that sands with lower sphericity produce higher stiffness anisotropy. In this study, in 
order to obtain the sphericity of these sands, another series of X-ray tomography testss was 
performed on the grains sieved from S1 sands by diameter. The analyzed particle number was 
selected as 300 for each diameter group. Then the sphericity of the six calcareous sands was 
calculated according to the mass percentages of the sieved grains and listed in in Table 4.1.4. 
For this calcareous sand, an averaged value of around 0.46, which is relatively lower than the 
sphericity of sands in Table 4.1.1, is obtained. In addition, in Figure 4.1.9, the anisotropy ratio 
of SMol sand is higher than that of Mol sand, proving that the decreasing of sphericity enhances 
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the stiffness anisotropy. Giang et al. (2017) showed that the sphericity of the calcareous sands 
decreases with the increasing of particle size, which is also observed in Table 4.1.4. 
 
Figure. 4.1.10. Feret diameters 
Table. 4.1.4. Summary of sphericity of sands used in this study 
Sand S1 SMol SD1 SD2 SCU1 SCU2 Mol 
D50: mm 0.602 0.179 0.354 0.709 0.60 0.60 0.179 
Sphericity 0.454 0.485 0.472 0.445 0.451 0.456 0.635 
4.1.4 Summary 
This section investigates the effects of sample preparation method, particle characteristics and 
gradation on the inherent stiffness anisotropy of calcareous sands.  GHH , GHV and GVH are 
obtained by conducting bender element tests in a triaxial cell under isotropic stress conditions. 
From the test results, the following conclusions are drawn: 
(a) The calcareous S1 sands behave as a homogeneous continuum media, showing almost 
identical GHV and GVH. This is not observed in Mol sand. The stiffness anisotropy behavior 
of S1 sands is more significant than that of the Mol sand, showing 1.59 and 1.07 for S1 and 
Mol samples at 60% relative density. 
(b) For the five sample preparation methods used, moist tamping produces the highest stiffness 
at 60% relative density. The dry funnel deposition sample always gives the lower stiffness 
among the five methods.  
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(c) For calcareous sand, air pluviation samples exhibit the highest anisotropy ratios. Moist 
tamping increases the stiffness in the vertical plane so reduces the stiffness anisotropy. The 
anisotropy ratio from dry funnel deposition is in the lowest range. Particle alignment, 
measured in X-ray tomography, explains these differences in stiffness anisotropy. 
(d) Sands with lower sphericity show higher inherent stiffness anisotropy. The lower anisotropy 
ratios observed in sands with smaller D50 are attributed to the higher sphericity exhibited 
by the smaller particles. The effect of Cu on the stiffness anisotropy is negligible. 
Section 4.2 Modification on the models for predicting the small strain stiffness of 
calcareous sands: the roles of stress path, stress history and fine content 
4.2.1 Introduction 
It is commonly recognized that soils behave elastic at very small strain range (≤10-5). Of 
particular interest in soil dynamic modelling in this small strain range is to study the maximum 
shear modulus G0 which is a fundamental parameter of soil dynamic properties. It has been 
proved that G0 is affected by several factors such as density, grain size gradation, particle 
characteristics, effective confining stress, stress history and soil fabric (Hardin and Black, 1966; 
Iwasaki and Tatsuoka, 1977; Bellotti et al., 1996; Fioravante, 2000; Piriyakul and Haegeman, 
2007; Wichtmann and Triantafyllidis, 2009; Fioravante et al., 2013; Payan et al., 2016; Giang 




)n                            (4.2.1) 
where A  and n  are the nondimensional function exponents to be determined 
experimentally; σ′ is the mean effective stress; Pa is the reference pressure (≈the atmospheric 
100 kPa; f(e) is the function of void ratio. Hardin and Black (1966) suggested f(e) can be 
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expressed as  
f(e) =  
(c−e)2
1+e
                               (4.2.2) 
where c =2.97 for angular sands and 2.17 for rounded sands. Jamiolkowski et al. (1995) 
proposed a new equation for f(e) 
f(e) =  e−d                               (4.2.3) 
where d is the empirical constant. Although the two different f(e) can not be perfectly equal, 
the compatibility of the two equations has been discussed and the selection depends on soil type. 
In recent studies, Eq. (4.2.1) is updated and used to predict G0 of various sands at small strains. 
In order to improve the predictability, some quantified factors such as the coefficient of 
uniformity Cu , sphericity and regularity indicating the grain shape, fine content and 
overconsolidation ratio ( OCR ) are introduced into the Eq. (4.2.1) (Wichtmann and 
Triantafyllidis, 2009; Fioravante et al., 2013; Payan et al., 2016; Giang et al., 2017). Wichtmann 
and Triantafyllidis (2009) conducted a series of resonant column tests on quartz sands owning 
various gradation and particle size. They found G0 decreases with the increasing of Cu and 
the Hardin’s equation highly overestimates the G0 for the well graded sands. They established 
the relationship of the constants in Eq. (4.2.1) with Cu and good fittings between the measured 
and predicted  G0  were obtained. Payan et al. (2017) performed resonant column tests to 
investigate the effect of non-plastic fines on the small strain shear modulus and material 
damping. They tested several silica sands which have a wide range of grain size distribution 
and particle shape and are mixed with different percentages of a silica non-plastic silt. They 
found the constants A and n can be expressed as function of Cu but the relationship between 
the constant in f(e) and Cu, which was reported in Wichtmann and Triantafyllidis (2009), was 
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not clear. In addition, they proposed the regularity indicating particle shape should be 
considered in Eq. (4.2.1) and the new expression of the model predicting G0 is given. The 
introduction of OCR in predicting G0 with Eq. (4.2.1) is proved to be effective for clay and 
calcareous sands, as shown by Rampello et al. (1997) and Fioravante et al. (2013). Fioravante 
et al. (2013) performed the calibration chamber tests with shear wave velocity measurement via 
geophones. They investigated the anisotropic small strain stiffness of Kenya sands and updated 
the Hardin model for predicting small strain shear modulus. Their test results indicate that the 
introducing OCR into the Hardin equation can produce a good prediction for the small strain 
shear modulus of Kenya sands at the unloading stage. They proposed the form of the Hardin 
equation integrating OCR can be applicative to carbonate sands due to the higher grain 
interlocking compared with that of silica sands. 
The effects of fine content on the mechanical behaviors of sands especially on  𝐺0 are studied 
in many works during the last decades. Studies investigating the small strain property 𝐺0 are 
normally performed via resonant column and bender element tests. In bender element tests, the 
shear wave velocity for evaluating the effect of the fine content on 𝐺0 is mostly measured in 
the vertical plane, corresponding to the shear wave propagating and polarizing vertically and 
horizontally respectively (Carraro et al., 2009; Choo and Burns, 2015; Yang and Liu, 2016; 
Senetakis and Li, 2017; Li et al., 2019). Recently, lateral attached bender elements have become 
a mature technique and are used to quantify the stiffness anisotropy (Fioravante and Capoferri, 
2001; Kuwano and Jardin, 2002; Ezaoui and Di Benedetto, 2009; Escribano and Nash, 2015; 
Gao et al., 2015; He et al., 2019). A careful check in literature is performed and it is noticed that 
the research on the effect of fine content on the stiffness of sand-fine mixtures along multi-
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directions is very limited. Gao et al. (2015) performed a series of true triaxial tests with the 
shear wave velocity measurement in both vertical and horizontal directions to study the effect 
of non-plastic fines on the stiffness anisotropy of Toyoura sands. They showed that the stiffness 
anisotropy of Toyoura sands increases firstly then decreases with the increase of fine content. 
For other types of materials, for example calcareous sands, the role of fines is still not fully 
investigated.  
Studies such as Wichtmann et al. (2015), Yang and Liu (2016), Goudarzy et al. (2016 a b), 
Payan et al. (2017) and Ruan et al. (2018) proposed different models integrating the fine content 
(FC) to predict 𝐺0 for several types of silica sands. One way of doing is to introduce FC into 
the constants in Eq. (4.2.1), as illustrated by Wichtmann et al. (2015), Yang and Liu (2016), 
Goudarzy et al. (2016 b) and Ruan et al. (2018). Another way is expressing a correlation of FC 
with 𝐺0 for sand-fine mixture and clean sand, as shown in Wichtmann et al. (2015) and Payan 
et al. (2017). It is necessary to stress the concept of a threshold fine content 𝑓𝑡ℎ𝑟𝑒 proposed by 
Thevanayagam et al. (2002) to demarcate a sand-fine mixture as fines in sand or sand in fines 
as an idealization of a transition zone. 𝑓𝑡ℎ𝑟𝑒 depends on the sand properties and varies from 
around 10% to around 30% by weight for different sands in literatures. It is generally realized 
that  𝐺0  decreases with the increase of FC before 𝑓𝑡ℎ𝑟𝑒  is reached. Thereafter,  𝐺0  stays 
almost constant. However, for the constants in Eq. (4.2.1), the conclusions are various. For 
example, Payan et al. (2017) investigated the effect of non-plastic silica silt on small strain 
strain stiffness of silica sands by resonant column tests. They updated the Hardin equation 
considering particle shape and Cu . and showed that 𝐴  in Eq. (4.2.1) becomes constant 
after  𝑓𝑡ℎ𝑟𝑒 . However, by performing the bender element tests on several silica sand fine 
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mixtures, Ruan et al. (2018) reported parameter 𝐴 decreases with fines content till 𝑓𝑡ℎ𝑟𝑒 and then 
increases with further increasing of FC. Based on these controversial conclusions, further research 
on the calibration of the relationship between FC and the constants in Eq. (4.2.1) is required. 
In this section, the models for predicting the small strain stiffness  𝐺0  are updated for a 
calcareous sand, S1 sands, from Persian Gulf. A number of studies involved the small strain 
stiffness of calcareous sands and showed that factors as particle shape, gradation, particle size, 
stress history, stress path, saturation condition and sample preparation method have significant 
impact on this mechanical property (Fioravante et al., 2013; Giang et al., 2017; Senetakis and 
He, 2017; He et al., 2019; Morsy et al., 2019; Jafarian and Javdanian, 2020; Shi et al., 2020a). 
For example, Fioravante et al. (2013) and He et al. (2019) showed that 𝐺0 at the unloading 
stage is higher than that at the loading stage for calcareous sands. Giang et al. (2017) proved 
that 𝐺0 increases with the decrease of sphericity for a calcareous sand. Morsy et al. (2019) 
concluded that 𝐺0 of dry sands is higher than that of saturated sands. Jafarian and Javdanian 
(2020) showed that small-strain shear moduli of calcareous sands under anisotropic stress 
condition are larger than the corresponding values in isotropic condition at the same mean 
effective stress.  
In summary, based on the above review, the coupling of fine content and OCR to the small 
strain stiffness of calcareous sands is rarely studied. In addition, studies addressing the effect 
of fines on stiffness anisotropy are limited. In addition, there is doubt that if the sample 
preparation method affects the constants in Eq. (4.2.1) since Section 4.1 reveals that G0 varies 
with the sample preparation method. Therefore, in this chapter, a series of triaxial tests with the 
shear wave velocity measurement were conducted. The data in Section 4.1 was used for 
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determining the constants in Eq. (4.2.1) under isotropic consolidation. Tests under anisotropic 
stress path were supplemented to study the small strain stiffness of the calcareous sand under 
anisotropic consolidation. Samples containing different fine contents were prepared to study 
the effect of fines on the small stiffness of the calcareous sands under isotropic consolidation.  
4.2.2 Test material and program  
S1 sands are used for the anisotropic consolidation tests. The fines are sieved from S1 sands 
with diameter < 0.063 mm. S1 sands are mixed with the fines by weight at the fine contents of 
10 %, 20 %, 30 %, 40 %, 50 % and 100 %. Materials with 100 % fine content are referred to 
the pure fines. There is no standard procedure to determine the maximum and minimum void 
ratio for sands containing fines of 15% or more. Therefore, in this study, the method proposed 
by Goudarzy et al. (2017) which is similar with the procedure in the Japanese Standard is 
adopted. The grain size gradation and physical properties of the sands are given in Figure 4.2.1 
and Table 4.2.1 respectively. 
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emax 1.1878 1.127 0.988 0.946 1.051 1.067 1.649 
emin 0.728 0.604 0.516 0.498 0.517 0.576 0.993 
Specific 
gravity, Gs 
2.81 2.805 2.8 2.795 2.79 2.785 2.76 
Anisotropic consolidation tests were conducted under the stress path of K = 0.5 and K = 2 where 





⁄ , as shown 
in Figure 4.2.2. The samples in the anisotropic consolidation tests were only prepared by the 
air pluviation method. The procedure for reconstituting and saturating samples are the same 
with those in the isotropic consolidation tests. After saturation, the sample in the test of K = 0.5 
was consolidated from σv
′
= 50 kPa to 400 kPa with the loading step of 50 kPa - 100 kPa - 
200 kPa - 300 kPa-400 kPa -300 - 200 kPa - 100 kPa – 50 kPa. The bender element tests were 
performed at the end of loading stage. Similarly, for K = 2, σ
h
′
 increased from 50 kPa to 400 
kPa with the same loading step in in the test of K = 0.5. All the samples were prepared at the 
relative density of 60±2%. 
 
Figure. 4.2.2 Stress path of the anisotropic consolidation tests  
For the tests conducted on the sands containing fines, all the samples were prepared by the dry 
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K=0.5
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tamping method to prevent the grain segregation which is observed in the air and water 
pluviation methods. The samples are made at the relative densities of 75±2%. The saturation 
procedure keeps the same with that in the isotropic and anisotropic consolidation tests. The 
samples are consolidated isotropically under the same loading step in the anisotropic 
consolidation tests. The conduction of the bender element test and the signal interpretation are 
identical with those in the isotropic consolidation tests and not detailed here. 
4.2.3 Test results  
4.2.3.1 Isotropic and anisotropic consolidation tests 
Firstly, the small strain stiffness G0  of the samples prepared by different methods under 
isotropic consolidation, reported in Section 4.1, is used to update Eq. (4.2.1) for S1 sands. From 
literatures, for calcareous sands, Eq. (4.2.3) is preferable for the void ratio function (Fioravante 
et al., 2013). To make a comparable study, the Jamiolkowski’s void ratio function is selected in 
this study. Figure 4.2.3 shows that G0 of the samples prepared by different methods versus 
void ratios under the isotropic effective consolidation stress of 100 kPa. GHH, GHV and GVH 
are three shear moduli determined by the shear wave velocities measured on both the vertical 
and horizontal planes, as described in Section 4.1. A unified trend between the three modulus 
and void ratio can be found. Finally, an averaged curve is plotted and a d value of 1.195 in Eq. 
(4.2.3) is obtained. This value is quite similar with the results of 1.2 and 1.3 in Fioravante et al. 
(2013) and Fioravante et al. (1998) for Kenya and Quiou calcareous sands respectively. 
Therefore, with d  of 1.195, G0  is normalized by f(e)  for the regression analysis of the 
coefficients A and n, as shown in Figure 4.2.4. The coefficients A and n from the samples 
prepared by the five methods are summarized in Table 4.2.2. It is seen that some differences are 
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shown among the samples. From Table 4.2.2, a higher A corresponds to the higher shear 
modulus which can be found in Section 4.1. It can also be found that the samples with higher 
A always show lower n.  
 
Figure. 4.2.3. G0 versus void ratio at the effective consolidation stress of 100 kPa. 
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Figure. 4.2.4. G0/f(e) versus the normalized effective stress: (a) air pluviation; (b) dry funnel deposition; 
(c) dry tamping; (d) water pluviation; (e) moist tamping. 











GHH A 115.26 87.334 94.212 124.47 124.99 
n 0.5945 0.6695 0.6367 0.5752 0.4997 
GHV A 68.629 69.705 74.126 78.842 97.532 
n 0.679 0.6766 0.6427 0.5769 0.5128 
GVH A 62.163 68.59 70.945 78.744 77.923 
n 0.6906 0.6804 0.6814 0.6165 0.5598 
 
From Figure 4.2.4, the effect of stress history on G0 can be observed. It is seen that G0 
measured at the unloading stage is apparently higher than that in the loading stage. In order to 
take into account of the stress history into Eq. (4.2.1), OCR is selected as a variant and 




)nOCRm                      (4.2.4) 
where m is an experimental determined constant. To get m in this study, G0 / f(e) measured 
at unloading stage is normalized by that measured at the same effective stress in the loading 
stage. The results are plotted versus OCR in Figure 4.2.5. It is seen that for each sample, the 
variation of the normalized G0 / f(e) with OCR shows similar trend for GHH, GHV and GVH 
and can be regressed in a formula as  
                       Normalized G0 / f(e)  = K ∙ OCR
m                (4.2.5) 
where K is a constant. From Figure 4.2.5, it is seen that K is approximately equal to 1 so it is 













































Effective consolidation stress normalized by p
a
(e)
Chapter 4. Small strain stiffness anisotropy of calcareous sands 
73 
omitted in Eq. (4.2.4). For the value of m, the samples made by different methods show some 
differences, as summarized in Table 4.2.3. It is seen that the dry funnel deposition and the moist 
tamping samples shows the highest and the lowest m. The variation can be explained from the 
differences in the stiffness of soil samples. The higher stiffness in the unloading stage means 
that the soil fabric is not comparably recovered. The larger difference between the loading state 
and unloading state can be shown by a sample with weaker fabric. Therefore, the stiffness ratio 
between the unloading and loading stages is enlarged. From Section 4.1, it is known that the 
fabric of the moist tamping and dry funnel deposition samples is respectively the strongest and 
the weakest among the five samples. Section 4.1 also shows that the stiffness of the water 
pluviation sample is higher than that of the air pluviation and dry tamping samples. As a result, 
m of the water pluviation samples is relatively lower than that of the other two samples. In 
addition, it is seen that m of the moist tamping sample is abnormally low and approximate to 
0, meaning that the effect of OCR is not significant. The explanation is deduced that the moist 
tamping sample is already in an over-consolidated state due to the tamping force applied on the 
sample during the reconstitution. Therefore, the effect of OCR on the stiffness is reduced. 
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Figure. 4.2.5. Normalized G0/f(e) versus OCR: (a) air pluviation; (b) dry funnel deposition; (c) dry 
tamping; (d) water pluviation; (e) moist tamping 
Table. 4.2.3. Summary of m  
m Air pluviation Dry funnel 
deposition 
Dry tamping Water 
pluviation 
Moist tamping 
GHH 0.1804 0.2107 0.1751 0.1448 0.0374 
GHV 0.177 0.2239 0.174 0.1392 0.0201 
GVH 0.1744 0.2174 0.169 0.1493 0.0411 
Average 0.1772 0.2173 0.1727 0.1444 0.033 







)nv ∙ OCRm            （4.2.6） 
where σ′h and σ
′
v are the effective horizontal and vertical stresses; nh and σ
′
v are the 
experimental determined constants. For the three shear moduli GHH, GHV and GVH, σ
′
h and 
σ′v are denoted as the principle effective stress along the directions of wave propagation or 
polarization. For example, as indicated in Section 4.1, GHH is determined by the shear wave 
propagating and polarizing in the horizontal direction. Therefore, the vertical stress σ′v has 
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little effect on GHH. 
 
Figure. 4.2.6. G0/f(e) versus normalized horizontal effective stress: (a) K=0.5;(b) K=2. 
To address the effect of the anisotropic stress state on the small stain stiffness of S1 sands, tests 
under anisotropic consolidation with K=0.5 and K=2 are performed, as shown in Figure 4.2.6. 
The effect of sample preparation method was not considered in this section and only the samples 
prepared by the air pluviation method were tested. It is assumed that the constants A and void 
ratio function are identical with those established in the isotropic consolidation tests. It is 
necessary to mention that based on the cross anisotropic theory, A of GHV and GVH should 
be identical. The slight difference obtained in this study is deemed as the random error. 
Therefore, for the anisotropic consolidation tests, A is averaged from the values of GHV and 
GVH. Figure 4.2.6 plots G0 / f(e) versus horizontal effective stress σ
′
h. It is known that σ
′
h =
0.5 σ′v and σ
′
h = 2 σ
′
v for K=0.5 and K=2 tests respectively. Therefore, Eq. (4.2.6) can be 















)nh+nv ∙ (2)nv ∙ OCRm  when K=2              (4.2.8) 
The constants nh, nv and m evaluated from K=0.5 and K=2 tests are summarized in Table 
4.2.4. It is seen the constants obtained from the two anisotropic consolidation tests are 
approximately identical and the sum of nh and nv is also approximate to the n evaluated in 
the isotropic consolidation tests. In addition, it is found that values of m in Table 4.2.4 are 
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similar with those measured in the isotropic consolidation tests, meaning that the effect of OCR 
on the small strain stiffness of S1 sands is not influenced by the anisotropic stress state.  
Table. 4.2.4. Constants nh, nv and m for the anisotropic consolidation tests 
K Constants HH HV VH 
0.5 
nh 0.522 0.307 0.307 
nv 0.061 0.358 0.358 
m 0.173 0.184 0.191 
2 
nh 0.543 0.321 0.321 
nv 0.046 0.340 0.340 
m 0.178 0.185 0.185 
4.2.3.2 Effect of fine content 
The isotropic consolidation tests were performed on sand fine mixtures containing different 
amount of non-plastic fines sieved from S1 sands. The fines are defined as the grains passing 
through the No. 200 sieve with the diameter smaller than 0.063 mm. Some others, such as 
Naeini and Baziar (2004) and Ruan et al. (2018), defined the criterion of fines as the diameter 
smaller than 0.074 mm. Wichtmann et al. (2015) compared the tests based on two criterions and 
found out that the empirical equation evaluated via fines < 0.063 mm is also appliable to the 
fines < 0.074 mm and so the difference induced by the particle scale can be ignored  
 
Figure. 4.2.7. emax and emin versus fine content.  
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Figure 4.2.7 shows the variations of the emax and emin against the fine content for sand-fine 
mixtures. It is seen that both the emax and emin decrease with the increase of the fine content until 
a transition zone is reached. The sand matrix becomes in a “sand in fine” state when the fine 
content exceeds a threshold in this transition zone. From Figure 4.2.7, it is seen that the 
transition zone is within the range of 20% ~ 40% of fine content. The threshold is assumed to 
be 30% with the current data performance. 
 
 
Figure. 4.2.8 G0/f(e) versus fine content at different effective confining pressures: (a) GHH; (b) GHV; (c) 
GVH. 
Figure 4.2.8 shows the effect of fine content on the small strain stiffness of the calcareous sand-
fine mixtures. To exclude the effect of void ratio, the shear moduli are normalized by the void 
ratio function f(e). Payan et al. (2016), Yang and Liu (2016), Goudarzy et al. (2017) and Ruan 
et al. (2018) show that the effect of fine content on the constants in f(e) is insignificant. 
Therefore, f(e) obtained from the isotropic consolidation tests (Shi et al., 2019) is adopted 
where d = 1.195. From Figure 4.2.8, it appears that the normalized shear modulus decreases 
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with the increase of fine content until the threshold fine content of 30% is reached. After the 
threshold, the shear modulus tends to be constant at the stiffness of clean fines.  
There are two deductions in literature explaining the reduction of G0 when fines are added in 
the host sands. One suggests that the fines in a sand–fines mixture are positioned in the voids 
formed by host sand grains and do not develop effective contacts with sand grains (Salgado et 
al., 2000). In other words, fines act as voids rather than solids in a sand-fines mixture and 
accordingly the mixture will have a lower G0 compared with the base sand at the same void 
ratio. The other explanation follows the conception of coordination number which is defined as 
the average contact number per particle (Yang and Liu, 2016). By DEM simulation, they found 
the with the increasing of fine content, the coordination number of granular sample decreases, 
resulting the reduction of G0. Since from another study performed by Gu and Yang (2013), it 
is also proved that G0 increases with the increase of coordination number. 
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Figure. 4.2.9. G0/f(e) versus normalized effective stress: (a) S1 sands; (b) S1+10% fine sands; (c) 
S1+20% fine sands; (d) S1+30% fine sands; (e) S1+40% fine sands; (f) S1+50% fine sands; (g) 100% fines 
Figure 4.2.9 shows the normalized shear modulus versus the normalized effective confining 
stress for the sands with different fine contents. Generally, for a cross anisotropic soil, GHH is 
larger than GHV and GVH and GHV is equal to GVH. The difference between GHH and GHV 
indicates the stiffness anisotropy. In this study, it is found out that for pure fines, GHH is lower 
than GHV, meaning that with the increase of the fine content, the stiffness anisotropy is reduced. 
This may be attributed to the effect of particle shape. In Shi et al. (2019), the stiffness ratio 
lower than 1 was reported for a silica Mol sand but not found for SMol sand that have the same 
gradation but composed of calcareous grains with more angular shape. Shi et al. (2019) also 
shows that with the decrease of particle size, the grain shape becomes more rounded. It is also 
observed in Figure 4.2.9 that after 30% fine content, the inequality between GHV and GVH 
becomes more pronounced, meaning that the soil matrix is not an elastic homogeneous 
continuum, as explained in Shi et al. (2019). 
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Figure 4.2.10. shows the stiffness ratio GHH/GHV versus the fine content for all sand mixtures. 
These stiffness ratios are averaged from the values obtained at different pressures for one 
sample. A gradual decrease of the stiffness ratio to 30% after which the decrease accelerates is 
observed. At the fine content of 100% (pure fines), the stiffness ratio is lower than 1. Studies 
on the effect of fine content on the stiffness anisotropy of granular soils are very limited. Gao 
et al. (2015) investigated the stiffness anisotropy of Toyoura sand with various fine content. 
They concluded that the stiffness anisotropy is enhanced with the increase of the fine content 
before the threshold value is reached. However, in this study, an opposite trend is observed. The 
different conclusions may be due to the difference in the gradation of the host sands. For sand 
mixtures with a poorly graded host sand, as for example, Toyoura sand used by Gao et al. (2015), 
the fines under the threshold primarily fill the voids around the grain contacts, which may 
strengthen the anisotropic soil fabric. For a well graded sand, Wichtmann et al. (2015) 
concluded that the void is already occupied by a large amount of grains that are not involved in 
the transmission of external shear forces. Therefore, even a small amount of fines can change 
the original soil grain contact, resulting in the reduction of the stiffness anisotropy. In addition, 
although the fines play a role in the fabric with a low fine content, the soil behavior is still 
dominated by the host sand before the threshold fine content is reached. Therefore, the stiffness 
anisotropy decreases faster after the threshold fine content.  
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Figure. 4.2.110. Anisotropic ratio versus fine content. 
 
Figure. 4.2.11. Constants versus fine content: (a) A; (b) n; (c) m. 
For the sand-fine mixtures, the constants A , n  and m  in Eq. (4.2.4) are determined by 
regression analysis and plotted versus fine content in Figure 4.2.11. A drops with the fine 
content is found for fine content < 30% and then tends to be constant. n increases with the fine 
content in an approximate linear manner before the threshold value. After the threshold, no 
regularity is observed. m increases steadily with the fine content even for a fine content larger 
than 30 %. The correlations between the constants and the fine content can be written as 
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GHH: A = −12.24 ln(FC) + 97.314                      (4.2.9) 
          n = 0.0035FC + 0.6276                           (4.2.10) 
GHV and GVH: A = −9.019 ln(FC) + 75.377                 (4.2.11) 
        n = 0.0033FC + 0.6696                           (4.2.12) 
for m, a unique relationship for HH, HV and VH is given as 
          m = 0.1722FC0.1118                             (4.2.13) 
All the relationships driven above is for the sand-fine mixtures with fine content ≤ 30 % since 
no unified trend of the constant variation is observed when fine content is larger than the 
threshold. 
All the relationships mentioned above are for the sand mixtures with fine content ≤ 30% since 
no unified trend is observed when the fine content is larger than the threshold. 
Wichtmann et al. (2015) and Payan et al. (2017) proposed that the small strain shear modulus 
of sand fine mixture can be expressed as a function of G0 of host sands or pure fines but 
including the fine content FC. In this study, in order to finally make a comparison with the 
above mentioned modified Hardin equation, similar predicting models as shown in Wichtmann 
et al. (2015) and Payan et al. (2017) are developed. Figure 8 shows the G0/f(e) of S1 sand at 
different stress states normalized by the value measured in the sand-fine mixtures. It is seen that 





−1 = B ∙ FC + F                    (4.2.14)  
where GS1  and Gsand fine  are G0  for S1 sand and sand-fine mixtures; B  and F  are 
constants. The values of B and F at each stress level are listed in Table 4.2.5.  
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Figure. 4.2.12. Relationship between the G0 of S1 sands and-sand fine mixtures combining with fine 
content. 





0.5 1 2 3 4 3 2 1 0.5 
B 0.0307 0.0231 0.02 0.0181 0.0186 0.0186 0.0207 0.0191 0.0218 
F 1.094 0.9922 1.0316 1.0115 1.0181 1.0185 1.0061 0.9908 1.0043 
It is noted that B varies with 
p′
pa
 at the initial loading stage when p′ ≤200 kPa, as plotted in 
Figure 4.2.13. The relationship is fitted as  
when p′ ≤200 kPa 





                   (4.2.15) 
for p′ >200 and unloading 
 B = 0.02                         (4.2.16) 
and F is averaged as 1.022. The physical explanation could be that at the lower effective stress 
(<200 kPa), the fines participating in the fabric play a more sensitive role in reducing the soil 
stiffness. At higher stress level, the fabric is tighter and the effect of fines is reduced. This means 
that at lower effective stress, the fines acting between the coarse grains are more than the fines 
at higher effective stress (>200 kPa). 
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Figure. 4.2.13. Constant B versus the normalized effective stress from loading to unloading. 
The model proposed by Payan et al. (2017) is expressed as  
when FC≤fthre 
Gsand fine =  Gfines
FC
fthre
+  GS1 (1 −
FC
fthre
)             (4.2.17) 
for FC>fthre 
Gsand fine = Gfines                     (4.2.18) 
where Gfines is the maximum shear modulus of pure fines and fthre= 30%. 
The small strain shear modulus predicted by the modified Hardin and Wichtmann equations 
and Payan equation versus the measured values are plotted in Figures 4.2.14 to 4.2.16. The 
fitting line in each graph passes through the origin point and its slope indicates the deviation 
from the 1:1 line, reflecting the predicting ability. The modified Hardin equation gives the best 
prediction among the three models for GHH  and GHV . The predicted results of both the 
modified Wichtmann equation and Hardin equation are acceptable. The Payan equation shows 
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Figure. 4.2.14. Predicted GHH versus Measured GHH: (a) modified Hardin equation; (b) modified 
Wichtmann equation; (c) Payan equation. 
 
 
Figure. 4.2.15. Predicted GHV versus Measured GHV: (a) modified Hardin equation; (b) modified 
Wichtmann equation; (c) Payan equation. 
 
Figure. 4.2.16. Predicted GVH versus Measured GVH: (a) modified Hardin equation; (b) modified 
Wichtmann equation; (c) Payan equation. 
4.2.4 Summary 
In this section, the empirical formula predicting G0 is updated for S1 sands and S1 sands with 
various fine content. The bender element tests are conducted under both isotropic and 
anisotropic consolidation for S1 sands and under isotropic consolidation for sand fine mixtures. 
The sample preparation method is taken into account when evaluating the empirical constants. 
The effect of fine content on the small strain anisotropic stiffness is obtained. Tests results are 
as follows:  
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1. The samples prepared by different methods show slight differences in constants A and n. 
The effect of overconsolidation ratio on the small strain stiffness of S1 sands is not affected 
by the stress path. 
2. The small strain shear modulus decreases with the increase of the fine content to the 
threshold. After that, the stiffness of the sand fine mixtures behaves more like the pure fines. 
The stiffness anisotropy decreases gradually with the increase of the fine content before the 
threshold. After that, the anisotropy ratio drops quickly. 
3. The constants A and n decreases and increases with the increase of the fine content 
respectively until the threshold is reached. The constant of OCR m increases with the fine 
content. 
4. For the calcareous sands used in this study, the modified Hardin equation gives the best 










Chapter 5. K0, undrained strength and liquefaction 
resistance of calcareous sands: the role of the initial fabric 
In this chapter, the effect of the initial fabric on the coefficient of the lateral earth pressure at 
rest K0, the undrained monotonic loading strength and the liquefaction resistance of S1 
calcareous sand are studied. K0 consolidation, undrained compression and extension and 
undrained cyclic loading triaxial tests are performed on the laboratory samples reconstructed 
by the air and water pluviation, dry and moist tamping and dry funnel deposition methods. Test 
results show that the values of K0 are highly affected by the sample preparation method. 
Although all the samples at medium loose and medium dense states show strain hardening 
subjected to the undrained monotonic loading, some differences are found at the contractive 
stages. In the cyclic loading tests, the samples prepared by different methods also show different 
liquefaction resistance, which can be partly attributed to the differences in fabric anisotropy. 
Finally, it is discussed that the test results indicate that explaining the differences in the 
mechanical properties from the fabric discrepancy induced by the sample preparation method 
only is not comprehensive. Other factors such as homogeneity and stress history should also be 
considered. 
5.1 Introduction 
With the developing of offshore reclamation during last decades, the properties of 
calcareoussand have been well studied. As the common hydraulic fill materials, calcareous 
sands typically own higher intraparticle porosity and crushability than silica sands due to it 
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biogenetic origin which is largely formed by shell and coral fragments and the body of the 
marine organisms. The variation of the sedimentation environment can result in different types 
of morphology and particle size distributions of calcareous sands due to the differences in the 
ocean energy, showing more rounded and finer composition in the higher energy area than that 
in the sites with lower energy (Fookes, 1988; Sharma and Ismail, 2016).  
Initial fabric is an important factor affecting the stress strain behavior of soil samples in 
laboratory tests. Different sample reconstitution techniques cause a variation in the inherent 
anisotropy and homogeneity. Three techniques, namely pluviation, tamping and vibration, are 
frequently used in previous studies. It is well accepted that the inherent anisotropy in samples 
made by the air pluviation method is most pronounced, as indicated in Section 4.1 (Yang et al., 
2008; Ezaoui and Di Benedetto, 2009; Escribano and Nash, 2015). Studies by Vaid et al. (1999) 
and Ghionna and Porcino (2006) proved that the water pluviation method produces a soil fabric 
which is the closest to the fabric of the undisturbed samples from the site. Vaid et al. (1999) 
compared the undrained shear strength of samples prepared by several methods with the 
undisturbed samples for two types of silica sands. They found the water pluviation samples 
show the most similar undrained stress strain relationship with the undisturbed samples. 
Similarly, Ghionna and Porcino (2006) investigated the cyclic liquefaction resistance of natural 
coarse sand samples prepared by air pluviation and water sedimentation method. They made 
the comparison of the liquefaction resistance between two reconstitution samples and the 
undisturbed samples under the same in situ initial relative density and effective overburden 
stress. They found that the cyclic liquefaction resistance obtained from water sedimented 
samples closely approximates that exhibited by undisturbed samples in both isotropically and 
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anisotropically consolidated tests. 
Ladd (1978) proposed the undercompaction method to achieve homogeneity within the samples 
made by moist tamping, as indicated in Chapter 3.2.3. However, some studies showed that the 
discontinuity between layers and density non-uniformity in moist tamping samples cannot be 
avoided (Frost and Park, 2003; Thomson and Wong, 2008; Flitti et al., 2019). Frost and Park 
(2003) performed a critical assessment on the uniformity of moist tamping samples made with 
Ottawa sands. The under-compaction method was used and the tamping force was recorded 
during the sample reconstitution. By analyzing both X-ray tomography and optical images of 
the samples, they found that the moist tamping sample is less uniform than air and water 
pluviation samples. The Intra-layer relative density variations of up to 15% were observed while 
inter-layer mean relative density variations of about 10% were measured. By conducting X-ray 
tomography tests on Chlef sand samples prepared by several methods, Flitti et al. (2019) also 
showed that the void ratio variation along sample height is higher in the moist tamping sample 
than in the air pluviation and water sedimentation samples. 
Regarding mechanical properties, it is shown that shear strength and cyclic liquefaction 
resistance are highly affected by sample preparation method. Miura and Toki (1982) performed 
a series of monotonic tests and liquefaction tests on Toyoura sand samples prepared by different 
methods. They showed that the differences in strength induced by sample preparation methods 
are more significant in triaxial extension tests than in triaxial compression tests. At the medium 
dense relative densities, the air pluviation samples are more contractive than the samples made 
by dry and moist tamping in triaxial extension tests under both drained and undrained conditions 
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and an inverse finding is shown in compression tests. Studies, such as Vaid et al. (1999), Chang 
et al. (2011), Benahmed et al. (2015) and Flitti et al. (2019) concluded that for loose sand 
samples, moist tamping results in higher strain softening or less dilative behavior compared 
with pluviation technique due to the honeycomb structure formed by the existence of capillary 
force. For example, Vaid et al. (1999) showed that at loose relative density, the moist tamping 
Fraser River sand sample shows a very strain softening and mobilizes a very low steady state 
strength in the undrained triaxial compression tests. However, at a similar relative density, the 
water pluviation sample exhibits strain hardening and a much higher strength at the steady state. 
For cyclic liquefaction resistance, it is shown that air pluviation and moist tamping always 
produce samples with the lowest and the highest cyclic strength respectively (Miura and Toki, 
1982; Tatsuoka et al., 1986; Sze and Yang, 2013). For example, Sze and Yang (2013) showed 
that the liquefaction resistance of the air pluviation samples in undrained cyclic triaxial tests is 
lower than that of the moist tamping samples from loose to dense relative densities. This 
mechanical feature is different from the phenomenon observed in undrained static compression 
tests indicated above that the loose moist tamping sample is weaker. Sze and Yang (2013) 
explained the differences in the undrained strength under cyclic loading is due to the fabric 
anisotropy and the change of principle stress directions during cyclic loading. They stated that 
when the direction of principle stress is parallel with the preferential orientation of the particles, 
samples are more compressible. In air pluviation samples, grains have the preferred orientation 
in horizontal direction, resulting a weaker fabric at the stage of extension during cyclic loading. 
The coefficient of lateral earth pressure at rest K0, is proved to be in close correlation with the 
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sample preparation method although relevant studies are rare. Northcutt and Wijewickreme 
(2013) performed a series of one-dimensional consolidation tests on Fraser River sand samples 
prepared by air pluviation, vibration and moist tamping methods. They showed that air 
pluviation and moist tamping produce the highest and the lowest K0 respectively compared with 
the vibration method and they attributed the various K0 to the differences in fabric anisotropy. 
Chu and Gan (2004) conducted K0 consolidation tests on a silica sand in a triaxial cell with the 
literal strain control. Water pluviation and moist tamping samples were tested their study. They 
exhibited a linear relationship between K0 and relative density of the moist tamping samples. 
Based on the relationship, it is inferred that the K0 of the moist tamping sample is lower than 
that of the water pluviation sample in which the linear relationship is not obtained. 
Although the effect of sample preparation (SPM) on the mechanical properties is studied 
extensively, research conducted on calcareous sands is limited. Compared with silica sands, 
calcareous sands have different porosity-structure and the dry/wetting preparation may lead to 
the change of intra-structure and fabric. As described Chapter 4, calcareous sands always own 
more flat grain shape than silica sands, resulting in higher fabric anisotropy especially for the 
samples made by air pluviation method. Van Impe et al. (2015) found the correlation between 
the laboratory test results and the in-situ data of an off-shore land reclaimed with a calcareous 
sand is weak. One possible reason they proposed is the differences in the process of depositing 
soil materials and densification methods. Therefore, in this chapter, to figure out the effect of 
SPM on the soil behavior, five methods as the air and water pluviation, dry and moist tamping 
and dry funnel deposition are used. The calcareous sands from the reclamation site in Van Impe 
et al. (2015) are used to reconstitute laboratory samples. The effects of SPM on the coefficient 
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of lateral earth pressure at rest K0 and the static undrained strength are examined. A series of 
cyclic undrained triaxial tests are conducted to study the liquefaction resistance of the 
calcareous sand. The differences in cyclic undrained strength, induced by SPM, are discussed. 
In addition, the effect of confining pressure on the liquefaction resistance of sandy soils is still 
controversial. Some studies indicate that increasing the consolidation pressure reduces the 
cyclic strength of sands (Castro, 1977; Hydro et al., 2002; Salem et al., 2013; Shahnazari et al., 
2016). However, some studies give opposite results (Ma et al., 2019). Therefore, the effect of 
confining pressure on the cyclic undrained strength of this calcareous sand is investigated in 
this study. 
5.2 Testing materials and program 
In this Chapter, S1 sand is used as the test material. The particle size gradations of S1 sand and 
other typical sands used as references are listed in Figure 5.1 (Miura and Toki, 1982; Hyodo, 
1998; LaVielle, 2008; Pando et al., 2012; Salem et al., 2013). The physical properties of these 
sands are listed in Table 5.1.  
 
Figure. 5.1. Particle size gradation of S1 and other reference sands 
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Table. 5.1. Physical properties of S1 sand and other reference sands 
Properties S1 Dogs Bay Playa Santa Cabo Rojo Dabba M1 Toyoura 
Specific Gravity, Gs 2.81 2.723 2.75 2.84 2.79 2.812 0.645 
D50: mm 0.602 0.2 0.487 0.37 0.3 0.339 0.16 
Cu 3.89 2.06 2.75 1.75 2.4 5.6 1.2 
Maximum void ratio, emax 1.19 2.451 1.22 2.07 1.043 0.95 0.973 
Minimum void ratio, emin 0.73 1.621 0.80 1.51 0.753 0.54 0.635 
In order to evaluate the effect of sample preparation method on the static undrained strength of 
S1 sands, the monotonic loading tests including undrained compression and extension tests 
under isotropic consolidation are performed. The K0 of the samples prepared by different 
methods are determined with a radial local strain transducer which works with the stress path 
cell to keep the horizontal displacement constant until the cell pressure reaches a preset value 
(Piriyakul and Haegeman, 2005). All the samples are prepared with 50 mm in diameter and 95 
mm in height and at the relative densities of 40±2 % and 60±2 %. Carbon dioxide, deaired water 
and back pressure are used in succession to saturate the samples without difficulty due to the 
high permeability of S1 sands. After saturation, samples are consolidated to the target effective 
pressures. The monotonic loading rate is set as 0.1 mm/min for both the compression and 
extension tests. For the cyclic loading tests, the sample size and saturation steps are kept the 
same with the static loading tests however only samples at 60±2 % relative densities are 
prepared. The ratio of cyclic shear stress to the initial effective confining pressure is defined as 
Cyclic Stress Ratio (CSR). The samples made by the moist tamping method are loaded with the 
cyclic stress ratios of 0.2, 0.25 and 0.3. For the other samples, the cyclic stress ratios of 0.15, 
0.2 and 0.25 are used. In this study, the cyclic loading is applied to the samples in sine wave 
and the frequency is 0.5 Hz. The test program is shown in Table 5.2. The repeatability of all the 
tests is insured by conducting one test at least two times. 
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Table. 5.2. Test program  














Air pluviation 300 43, 45, 58, 59, 70,70 - 
Water pluviation 300 40, 40, 60, 61, 72, 73 - 
Dry tamping 300 37, 40, 60, 60, 73, 74 - 
Moist tamping 600 21, 21, 41, 42, 58, 60 - 






40±2, 60±2 - 
Water pluviation 40±2, 60±2 - 
Dry tamping 40±2, 60±2 - 
Moist tamping 40±2, 60±2 - 






40±2, 60±2 - 
Water pluviation 40±2, 60±2 - 
Dry tamping 40±2, 60±2 - 
Moist tamping 40±2, 60±2 - 















5.3 Test results 
5.3.1 K0 consolidation 
The K0 consolidation tests are performed on the S1 sand samples made by the five methods in 
a stress path control triaxial cell with the radial small strain measurement. The typical 
developing of K0 of the five samples against the effective axial stress is plotted in Figure 5.2. It 
is seen that K0 decreases gradually from 1 at an isotropic effective consolidation stress of 20 
kPa and becomes more or less stable after the effective axial stress exceed 400 kPa except for 
the moist tamping samples. For the moist tamping samples, the yield points, as reported by 
Leroueil and Vaughan (1990) and Chu and Gan (2004), are also observed in this study. It is 
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deemed that the tamping effort in the moist tamping method results in the generation of force 
chains in the samples and the soil structure is stronger than in the samples made by the other 
methods. Therefore, during K0 consolidation, higher stresses are required for breaking the soil 
structure. This can also be confirmed by the lower stresses of the yield points for the samples 
at lower densities. The increase of K0 after the yield points is ascribed to the gradual degradation 
process of the soil structure, as explained by Chu and Gan (2004). 
To investigate the effect of the sample preparation method, K0 against the relative densities 
from all the tests are plotted in Figure 5.3. For all the samples, K0 increases with the decrease 
of relative density, which is identical with the conclusions of Northcutt and Wijewickreme 
(2013) and Lee at al. (2013). Northcutt and Wijewickreme (2013) reported that sample 
preparation method affects the coefficient of the lateral earth pressure at rest and the air 
pluviation sample shows higher K0 than the vibration and the moist tamping methods. Similar 
conclusion can also be found in this study. From Figure 5.3, it is seen that the air pluviation and 
the moist tamping methods show the highest and the lowest K0 trend lines compared with the 
other three methods. The overall K0 in dry funnel deposition and water pluviation samples 
shows insignificant differences but lower trend lines than that of the dry tamping samples. It is 
also found that at higher densities, the effect of sample preparation method becomes more 
pronounced. 
The effect of fabric anisotropy on the coefficient of lateral earth stress at rest K0 was discussed 
in Northcutt and Wijewickreme (2013). They proposed a formula integrating fabric anisotropy 
and relative density with the Jaky’s equation, which is expressed as: 
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𝐾0





′ )                        5.1 
where 𝐹 is the fabric tensor indicating fabric anisotropy; 𝐷𝑟 is the relative density; 𝜙𝑐𝑣
′  is 
the constant volume friction angle. Negussey et al. (1998) proposed that the constant volume 
friction angle is independent of relative density and confining stress. From Eq.5.1, it is seen 
that K0 increases with the increase of 𝐹, meaning that the more significant the fabric anisotropy 
is, the larger the value of K0 becomes. The relationship between K0 and fabric anisotropy were 
also investigated in the in situ tests. For example, studies as Fioravante et al. (1998) and Ku and 
Mayne (2013) conducted in situ cross hole and down hole tests to investigate the correlation 




  in which 𝑉𝑆(𝐻𝐻)  and 𝑉𝑆(𝐻𝑉)  are the shear wave velocities 
propagating horizontally but polarizing horizontally and vertically respectively. They illustrated 
that the ratio of 𝐶𝑆(𝐻𝑉)  and 𝐶𝑆(𝐻𝐻)  indicates the fabric anisotropy. Based on their 
conclusions, it is deemed that fabric anisotropy affects soil behavior in situ and should be 
considered in K0 evaluation. 
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Figure. 5.2. K0 versus the effective axial stress for samples prepared by different methods: (a) air 
pluviation; (b) dry funnel deposition; (c) dry tamping; (d) water pluviation; (e) moist tamping.
 
Figure. 5.3. Effect of sample preparation methods on K0 of S1 sands 
 
5.3.2 Monotonic loading tests 
A series of undrained triaxial compression and extension tests were performed to study the 
effect of the sample preparation method on the static undrained strength of S1 sand samples. 
Tests are conducted under the isotropic consolidation pressures of 100 kPa, 300 kPa and 500 
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kPa. The contractive and dilatant behavior of different samples are compared.  
Figure 5.4, Figure 5.5 and Figure 5.6 show the typical response of the effective stress path, 
stress-strain relationship and excess pore water pressure of the samples at initial relative 
densities of 40±2 % and 60±2 %. The compression and extension test results are plotted in the 
same figures and it is seen that no strain softening happens for all the samples. The effective 
stress path experiences an initial contraction phase then dilates after passing the phase 
transformation points. The excess pore water pressure increases to a peak value at around 2% 
axial strain in the contractive stage then decreases continuously in the dilatation phase. The 
phase transformation point mentioned above was first introduced by Ishihara et al. (1975), 
which was also reported by Hyodo et al. (1998) and Salem et al. (2013) to investigate the 
liquefaction relationship between monotonic and cyclic triaxial tests. In this study, the steady 
states at the end of the loading stage on the compression side always require very high axial 
strain, which is less realistic in the practical application as reported by Porcino et al. (2008) and 
not considered. The like-contractive behavior at the large strain in some extension tests, for 
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Figure. 5.4. Effective stress path and excess pore water pressure versus axial strain at 40±2% relative 
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Figure. 5.5. Effective stress path and excess pore water pressure versus axial strain at 60±2 % relative 




Figure. 5.6. Axial strain versus deviatoric stress: (a) Dr=40±2%, 100 kPa; (b) Dr=60±2%, 100 kPa; (c) 
Dr=40±2%, 300 kPa; (d) Dr=60±2%, 300 kPa; (e) Dr=40±2%, 500 kPa; (f) Dr=60±2%, 500 kPa. 
In this study, the lowest attenable relative density of the air pluviation sample is around 40% so 
the comparison of the effect of SPM is only carried out on medium and medium dense sands. 
Figure 5.4, Figure 5.5 and Figure 5.6 show that the samples prepared by different methods 
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exhibit slight differences in the undrained strength. It is seen that for all the monotonic loading 
tests, the air pluviation samples exhibit more contraction in the contractive stages, resulting in 
the lowest p’ and the highest peak excess water pressure when the phase transformation points 
are reached. The moist tamping samples behave less contractive in the initial stage compared 
with other samples, but the difference is reduced at higher confining pressure and even vanishes 
at 500 kPa for the extension test on the sample at 40% relative density.  
The effect of density on the undrained behavior of the S1 sands is shown in Figure 5.7. It is 
seen that for the moist tamping samples at the effective confining pressures of 300 kPa and 500 
kPa, the differences induced by the density, behaving as more contractive at the phase 
transformation points, are much more significant compared with the samples made by other 
four methods. Studies showed that the undrained strength of the moist tamping sample highly 
depends on density (Miura and Toki, 1982; Vaid et al., 1999; Chang et al., 2011; Benahmed et 
al., 2015; Flitti et al., 2019). For loose sand, because of the like-honeycomb structure, the moist 
tamping sample behaves more contractive than the samples prepared with dry sands. With the 
increasing of the sample density, the fragile structure is destroyed by the tamping effort. Force 
chains are generated on the tamping direction and sample behaves in an over-consolidated state. 
Therefore, the undrained strength is enhanced. When sample is loaded under high stress 
conditions, the effect of the pre-loading induced by tamping is reduced, for example, in this 
study, the tamping effort for the samples of around 40 % relative density is reduced hugely 
compared with that in the samples of 60 % relative density.  
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Figure. 5.7. Typical undrained responses of samples at different densities. 
Figure 5.8 shows the phase transformation points summarized from all the tests. The phase 
transformation lines passing the original point (PTL) are plotted. It is seen that the effect of the 
sample preparation method on the localization of the phase transformation line is negligible, 
which is consistent with the conclusions of Vaid et al. (1999) and Flitti et al. (2019).  
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Figure. 5.8. Phase transformation lines of the undrained compression and extension tests 
 
5.3.3 Cyclic loading tests 
A series of cyclic triaxial loading tests are performed to investigate the effect of sample 
preparation method and confining pressure on the liquefaction resistance of S1sands. Figure 
5.9, 5.11 and 5.12 show the typical responses of pore water pressure, axial strain and effective 
stress path of the medium dense S1 sand samples made by the air and water pluviation, dry and 
moist tamping and dry funnel deposition methods and subjected to cyclic loading with CSR = 
0.25. The development of the pore water pressure is expressed as ru which is the ratio of the 
excess pore water pressure and the initial confining pressure. Normally, the failure criterion of 
a soil sample in a cyclic undrained loading test is either reaching zero effective pressure or 5% 
axial strain of double amplitudes. In this study, the zero effective confining pressure is reached 
ahead of the axial strain developing to 5% for S1 sands. With the onset of the cyclic loading, 
the excess pore water pressure increases and reaches to the effective confining pressure where 
ru=1. Then, samples liquefy and fail. 
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Figure. 5.9. Developing of excess pore water pressure ratio of the samples made by the five methods under 
cyclic undrained loading with CSR=0.25. 
To study factors affecting the pore water responses during cyclic loading, the number of loading 
cycle N is normalized by the liquefaction cycle (Nf) and plotted versus the maximum pressures 
on the compression side for all the tests conducted under the effective confining pressure of 100 
kPa, as shown in Figure 5.10. It is seen that developing of the excess pore water pressure shows 
some differences among these samples. For example, for the moist tamping sample, the 
developing of the pore water pressure can be divided into three phases, as seen in Figure 5.9 
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(e). At the start of loading, the pore water pressure experiences a sharp increase. Then, in the 
second stage, the developing of the pore water pressure slows down and ru gradually increases 
in a linear manner. Finally, the increment of the excess pore water pressure accelerates 
significantly until ru=1 is reached at the end of the stage 3. In other samples, for example, the 
dry tamping sample at CSR= 0.25, the excess pore water pressure develops in a progressive 
manner and the rapid accumulation of the excess pore water pressure is not observed. Based on 
the description of Sze and Yang (2013) and Castro (1975), although the differences are observed 
between samples in this study, it is recognized that the pore water pressure responses exhibited 
by the five samples still belong to the cyclic mobility pattern. From Figure 5.10, it is seen that 
the excess pore water pressure generation line is affected by both CSR and Nf. When samples 
are loaded with the same CSR, the segmented developing of the excess pore water pressure 
becomes more conspicuous with the increase of Nf. 
 
Figure. 5.10. Excess pore water pressure lines of all the cyclic undrained tests 
Figure 5.11 shows the example of axial strain development in the samples prepared by the five 
methods. It is seen that most of the axial strains accumulate on the extension side for all the 
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samples. Similar observations are also reported by Hyodo (1998), Sharma and Ismail (2006) 
and Salem et al. (2013) from the triaxial tests on several calcareous soils. The asymmetric axial 
strain pattern in this study illustrates that the S1 sands show marked anisotropic response under 
the symmetric cyclic loading. This is also consistent with the result obtained from the static 
undrained tests that the extension strength is weaker than the compression strength.  
 
Figure. 5.11. Developing of axial strain of the samples made by the five methods under cyclic undrained 
loading with CSR=0.25. 
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Figure 5.12 shows the effective stress path of the samples made by the five methods. The phase 
transformation lines (PTL) on both compression and extension sides, summarized from the 
monotonic loading tests, are plotted as the references. It is seen that the PTL corresponds well 
with the effective stress path for the five samples. Studies, such as Salem et al. (2013) and 
Hyodo (1998), reported that the liquefaction always occurs after the effective stress path 
touches the PTL. It is also observed that the inclination angle of the stress path on the extension 
side at failure is lower than that on the compression side, proving that the strength anisotropy 
is significant for the cyclic loading pattern as well.  
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Figure. 5.12. Effective stress path of the samples made by the five methods under cyclic undrained loading 
with CSR=0.25. 
Liquefaction resistance  
The effect of sample preparation method on the liquefaction resistance of S1 sands can be found 
in Figure 5.13. It is seen that the liquefaction susceptibility is highly affected by the sample 
preparation method. The moist tamping sample shows the strongest liquefaction resistance. The 
weakest sample is prepared by the air pluviation method. At the CSR of 0.25, the samples made 
by water pluviation, dry tamping and dry funnel deposition methods show the almost identical 
liquefaction resistance. However, with the decrease of the cyclic deviatoric stress, differences 
are observed and the dry funnel deposition samples show the stronger liquefaction resistance 
than the other two samples. The higher and lower cyclic loading strength exhibited respectively 
by the moist tamping and air pluviation samples was also reported by Mulilis et al. (1977), 
Tatsuoka et al. (1986) and Sze and Yang (2014) from the cyclic triaxial tests on silica sands. 
They attributed the differences in liquefaction resistance to the anisotropy fabric and the major 
principle stress rotation in cyclic triaxial loading tests. From Figure 5.13, it is also seen that the 
number of the liquefaction cycles of S1 sands falls in the typical ranges of the cyclic strength 
of calcareous sands in literatures except the samples made by the moist tamping methods. 
Therefore, it should be cautious to use the moist tamping technique when investigating the 
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undrained strength of sand samples to avoid the overestimation of the liquefaction resistance.  
 
Figure. 5.13. CSR versus liquefaction cycles for the S1 sand samples made by the five methods and the 
references from literatures. 
In order to study the effect of the effective confining pressure on the liquefaction resistance of 
S1 sands, tests under 100 kPa, 300 kPa and 500 kPa effective confining pressure are performed. 
The number of cycles causing liquefaction are plotted versus CSR (0.15, 0.2 and 0.25). All 
samples are prepared by the air pluviation method to exclude the effect of SPM. It is seen that 
with the increase of the confining pressure, the Nf vs CSR fitting lines move to left, meaning 
that the liquefaction resistance decreases. This is consistent with the findings of Castro et al. 
(1977), Hyodo et al. (2002), Salem et al. (2013) and Shahnazari et al. (2016) that sands 
subjected to high confining pressure are susceptible to failure. The explanation can also be 
addressed with the conclusions from the monotonic loading tests that in this study, S1 sand 
samples at both 40±2 % and 60±2 % relative densities behave more contractive when the 
confining pressures increase. 
The crushability of S1 sands is examined by conducting sieving analysis on the sands collected 
after tests. No significant particle breakage is found for the sands in the cyclic loading tests, 
which is consistent with the examination results in the K0 consolidation and the monotonic 
loading tests. 
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Figure. 5.14. Effect of confining pressure on the liquefaction resistance of S1 sands 
 
5.4 Discussion on the effect of sample preparation method 
The test results discussed above disclose that the sample preparation method plays an important 
role in the mechanical behavior of S1 sands. Chapter 3 and Chapter 4 investigate the small 
strain stiffness anisotropy and the microstructure of the S1 sand samples made by the five 
methods used in this study. It is found that the stiffness anisotropy and fabric anisotropy induced 
by the five methods can be ordered as: air pluviation > water pluviation > dry tamping > moist 
tamping > dry funnel deposition. Chapter 3 also investigates the homogeneity of the samples 
made by the five methods and it is found that the moist tamping and air pluviation samples are 
more homogeneous than the samples made by the other three methods. Zeng and Ni (1998) 
conducted a series of bender element tests on sands in an oedometer with K0 measurement. 
They reported that under one dimensional consolidation, K0 increases with the raising of the 
stiffness anisotropy. Looking back to the test results in this study, in K0 tests, the highest and 
the lowest K0 corresponds well with the highest and the lowest stiffness anisotropy of the air 









































Sample preparation method: 
air pluviation
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anisotropy of the water pluviation sample is only lower than the air pluviation sample among 
the samples made by the five methods. The possible explanation for the lower K0 of the water 
pluviation and the dry funnel deposition samples may be the inhomogeneous radial deformation 
along the height since in Chapter 3, the porosity of the S1 sand sample made by the water 
pluviation method increases from the top to the bottom along the height and an opposite finding 
is observed in the dry funnel deposition sample. In addition, the differences in the fabric 
anisotropy of the samples made by the water pluviation, dry tamping and dry funnel deposition 
are not that large compared with the prominently higher values given by the air pluviation 
sample. Therefore, the influence on the stress strain behavior introduced by the fabric 
anisotropy can be covered by other factors, such as the anisotropic stress state, the stress history 
and the specimen inhomogeneity. For example, in Chapter 4.1, although the fabric of the moist 
tamping sample is not the least anisotropic, it always shows the lowest stiffness anisotropy due 
to the vertical force chain resulting from the tamping effort. Similarly, in this study, the 
differences in the undrained strength of the water pluviation, dry tamping and dry funnel 
deposition samples in the monotonic loading tests are not significant but can be distinguished 
from the behavior of the air pluviation and the moist tamping samples. In the cyclic loading 
tests with CSR=0.25, the liquefaction resistance of the water pluviation, dry tamping and dry 
funnel deposition samples is almost identical, meaning that the fabric differences among the 
three samples make negligible influence on the soil behavior under such a deviatoric stress level.  
Sze and Yang (2014) explained the difference in the liquefaction resistance induced by fabric 
anisotropy to the fact that when the major principal stress becomes parallel with the preferential 
orientation of the particles, the sample is more compressible. The particle orientation and the 
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principle stress direction during cyclic loading can be seen in Figure 5.15 which was shown in 
Sze and Yang (2014).  
 
Figure 5.15. Illustration of the particle orientation and the principle stress directions during cyclic loading 
after Sze and Yang (2014) 
Combined with the fabric analysis in Chapter 4.1, the lowest liquefaction resistance of the air 
pluviation sample can be understood. However, it is seen from Figure 5.13 that the dry funnel 
deposition samples show the second weakest strength although its fabric is the most isotropic 
among the five samples. Yamamuro and Wood (2004) showed that the low energy input in the 
dry funnel deposition method results in the unstable grain contacts for silty sands. In Chapter 
4.1, the small strain stiffness of the dry funnel deposition samples is always lower than the 
samples made by the other methods. From this view, the relatively lower liquefaction resistance 
of the dry funnel deposition sample can be explained. It is deemed that the unstable contacts 
are more fragile under stress reversion conditions in the cyclic loading tests since in the 
monotonic loading tests, the significantly lower strength is not found in the dry funnel 
deposition samples. The highest liquefaction resistance of the moist tamping samples is partly 
due to the lower fabric anisotropy. On the other hand, based on the explanation of the yield 
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point in the moist tamping sample for K0 tests, it is deemed that the deviatoric stresses in the 
cyclic loading tests are lower than the required stress to destroy the sample structure efficiently 
and the liquefaction resistance of the moist tamping samples is overestimated. 
5.5 Summary 
In this chapter, a series of laboratory tests are conducted to investigate the effect of sample 
preparation method on the mechanical properties of S1 sands. The coefficient of lateral earth 
pressure at rest K0, the undrained compression and extension strength and the liquefaction 
resistance of S1 sands are studied via the K0 consolidation, monotonic and cyclic undrained 
triaxial tests. It is found that the sample preparation method introduces significant differences 
in the mechanical properties of S1 sands and the major findings are summarized as follows: 
1. K0 is highly affected by the sample preparation method. The air pluviation and moist 
tamping samples show the highest and the lowest K0 respectively. The dry funnel deposition 
and water pluviation samples show similar K0 lower than that of the dry tamping sample. 
The yield points of K0 are found in the moist tamping samples. K0 decreases with the 
increase of relative density. 
2. For the undrained monotonic loading tests, all S1 sand samples in this study show strain 
hardening behavior. Except the moist tamping samples, samples made by the other four 
methods exhibit initial contraction stages in which the air pluviation samples behave more 
contractive. The initial contractive behavior of the moist tamping samples become more and 
more significant with the increase of the effective confining pressures. The phase 
transformation lines are not affected by the sample preparation method for S1 sands. 
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3. The air pluviation and the moist tamping samples show the highest and the lowest 
liquefaction resistance in the cyclic undrained triaxial tests. The strength of the water 
pluviation and the dry tamping samples is similar and higher than that of the dry funnel 
deposition samples. The excess pore water pressure accumulation pattern is affected by the 
CSR and the number of cycles causing liquefaction Nf. For S1 sands used in this study, the 
liquefaction resistance decreases with the increase of the confining pressures. 
4. The differences in the mechanical behavior of S1 sand samples can be partly explained from 
the fabric anisotropy induced by the sample preparation method. Other factors, such as 
homogeneity and stress history, should not be neglected and may influence the soil behavior 





Chapter 6. Conclusion and future work 
6.1 Conclusions 
The object of this study is to investigate the mechanical properties, such as the anisotropic small 
strain stiffness and the undrained strength under monotonic and cyclic loading, of a calcareous 
sand from the Persian Gulf. Factors such as sample preparation method, particle size gradation, 
grain size, stress history and fine content were taken into consideration in this study. Chapter 2 
introduced the testing material, apparatus and testing program. Chapter 3 gave a review about 
the development of sample preparation methods for granular materials in laboratory tests. Then 
the new pluviation devices fitting for the triaxial system in this study were designed and the 
calibration tests for the sample density control were carried out. Five sample preparation 
methods as air and water pluviation, dry and moist tamping and dry funnel deposition were 
used in this study. To investigate the differences in the sample fabric induced by the sample 
preparation method, a series of X-ray tomography tests are performed on the samples made by 
the five methods. Then the uniformity and fabric anisotropy of theses samples were analyzed. 
Chapter 4 introduced the anisotropic small strain stiffness of the calcareous sands. In this 
chapter, two sections were presented. Section 4.1 showed the effect of sample preparation 
method, particle characteristic and gradation on the anisotropic small strain stiffness of the 
calcareous sands. In Section 4.2, the stress history and fine content were considered and the 
models for predicting the small strain stiffness G0 were updated for the calcareous sands. To 
further figure out the effect of the initial fabric on the mechanical properties of the calcareous
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 sands, the K0 consolidation tests and the undrained monotonic and cyclic loading tests were 
performed on the samples. The results are presented in Chapter 5. 
In chapter 2, the sands having the same D50 but different Cu and the sands owning the same 
Cu but various D50 were prepared by sand sieved from the original S1 sands. The calcareous 
sands are more angular than Mol sands. Two pairs of horizontal arranged bender elements were 
fabricated in the static triaxial system to achieve the horizontal small strain stiffness 
measurement. 
The pluviatiors containing five layer sieves were designed for the air pluviation and water 
pluviation methods and introduced in Chapter 3. In the air pluviation method, the sample 
density was mainly controlled by the opening size of a funnel arranged on the top of the 
pluviator, showing the decrease of the density with the increase of the opening size. In the water 
pluviation method, the initial deposited sample was very loose and the densification was carried 
out by tapping the mode side with a rubber hammer. For the examination of the sample 
uniformity, it was shown that all samples show non-uniformity along the radial direction. The 
air pluviation and dry tamping samples are respectively the least and the most affected by the 
boundary. Along the height, the sample prepared by the air pluviation method shows the highest 
homogeneity. The density decreases and increases from the top to the bottom for the water 
pluviation and dry funnel deposition samples respectively. The fabric anisotropy distributes 
uniformly along the sample height for all preparation methods. The water pluviation is the only 
method producing a sample without radial consistency in fabric anisotropy. 
In Section 4.1, it was concluded that the sample preparation method and the particle size had 
significant impact on the small strain stiffness anisotropy. The effect of gradation on the 
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stiffness anisotropy was insignificant. The moist tamping produces the highest stiffness at 60% 
relative density. The dry funnel deposition sample always gives the lower stiffness among the 
five methods. The air pluviation and the dry funnel deposition samples show the highest and 
the least stiffness anisotropy respectively. Particle alignment, measured in X-ray tomography, 
explains these differences in stiffness anisotropy. Sands with lower sphericity show higher 
inherent stiffness anisotropy. The lower anisotropy ratios observed in sands with smaller 
D50 are attributed to the higher sphericity exhibited by the smaller particles.  
In section 4.2, it was seen that the small strain stiffness of the calcareous sands was affected by 
stress history and fine content. G0 decreases with the increase of the fine content until the 
threshold is reached. G0 measured at the unloading stage is always higher than that measured 
at the loading stage. The models for predicting G0 were updated for the S1 sands and the sand-
fine mixtures. The constants in the Hardin equation are slightly affected by the sample 
preparation methods. The constants A, n and m in the modified Hardin equation were fitted 
as a function with fine content. Compared with the modified Wichtmann and Payan equations, 
the modified Hardin equation gave a better predicting ability. In addition, it was found that the 
stiffness anisotropy decreases with the increase of the fine content. 
Chapter 5 showed the effect of sample preparation method on K0 and the undrained strength of 
S1 sands under monotonic and cyclic loading. The air pluviation and moist tamping samples 
show the highest and the lowest K0 respectively. The dry funnel deposition and water pluviation 
samples show similar K0 lower than that of the dry tamping sample. K0 decreases with the 
increase of relative density. For the undrained strength, all S1 sand samples in this study show 
strain hardening behavior. Except the moist tamping samples, samples made by the other four 
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methods exhibit initial contraction stages in which the air pluviation samples behave more 
contractive. The air pluviation and the moist tamping samples show the highest and the lowest 
liquefaction resistance in the cyclic undrained triaxial tests. The strength of the water pluviation 
and the dry tamping samples is similar and higher than that of the dry funnel deposition samples. 
The differences in the mechanical behavior of S1 sand samples can be partly explained from 
the fabric anisotropy induced by the sample preparation method. Other factors, such as 
homogeneity and stress history, should not be neglected and may influence the soil behavior 
when the fabric discrepancy is light. 
6.2 Recommendations for future work  
In this study, the effect of sample preparation method on the mechanical properties of the 
calcareous S1sand is the main concern. Although the small strain stiffness and the undrained 
strength are investigated, other properties such as the strain accumulation under high cycle 
loadings and the soil structure interaction are still of interest since they are always involved in 
an offshore geotechnical project in which calcareous sands are commonly used as the 
reclamation material. In addition, particle breakage is a vital property for calcareous sands but 
not observed under the stress states in this study. In a practical project, the in situ tests, such as 
a cone penetration test, can introduce particle breakage into the calcareous reclamation 
materials, leading to an error estimation of the soil state. Therefore, in future study, it is 
necessary to investigate the particle breakage criterion of this calcareous sand under a higher 
stress state and how it will influence the soil mechanical behavior. In addition, it was shown in 
Chapter 5 that the sample preparation method seriously affects the liquefaction resistance of the 
calcareous sands. In further study, it is of interest to study the influence of the initial fabric on 
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the correlation between the shear wave velocity and the cyclic resistance ratio (CRR) since the 
relationship is frequently used to determine the cyclic liquefaction potential of saturated sandy 
soils. 
Another recommendation for future work is the role of fines in the mechanical response of 
granular materials. In Chapter 4, the fines sieved from S1 sands are non-plastic fines. The small 
strain stiffness of the sand-fine mixtures decreases with the increase of the fine content to a 
threshold value. So, what will the stiffness be if plastic fines are used? Tentative tests were 
performed on the S1 sands mixed with Kaolin clay. Firstly, a technical problem was met that 
the determination of emax and emin is quite difficult. There is no standard procedure for 
measuring emax and emin for sand-fine mixtures. In the tentative tests, it was observed that 
part of the clay particles were attached on the surface of the calcareous sand grains, which may 
cause the over-estimation of emax. Therefore, in future study, the method for measuring emax 
and emin of sands mixed with plastic fines is to be developed. In addition, the type of non-
plastic fine can also be a part of the future work since the fines in this study are calcareous and 
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